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ABSTItACT 


Bie  analysis  proceeds  with  a  review  of  the  problem  of  fore¬ 
casting  transportation  requirements.  Several  idiosyncratic  models 
are  examined  and  their  properties  specified.  Ilhe  forecasting  of 
transportation  stocks  and  ccamnodity  flows  is  discussed.  Models  of 
the  demand  for  transportation  services  are  implemented  with  empir¬ 
ical  data.  Graph  theory  as  an  interpretative  frame  of  reference 
is  introduced  and  the  analysis  moves  to  a  detailed  examination  of 
network  structiire.  Inter-  and  intra-nation  network  structures  are 
compared.  Codified  route  and  commodity  networks  are  factor  analyzed 
and  fundamental  structures  isolated.  An  attempt  is  made  to  simulate 
the  morphological  characteristics  of  transportation  networl.^.  Sim¬ 
ulations  of  the  Northern  Ireland  railway  network  are  undertaken 
using  nearest  neighbor  methods.  Finally^  the  problems  of  planning 
and  forecasting  are  reviewed  in  the  light  of  the  foregoing  analyses. 
Criteria  and  objectives  are  discussed.  An  overall  evaluation  of 
available  planning  and  forecasting  capabilities  is  presented. 
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HiEFACE 


Tliis  is  the  Final  Report  of  an  investigation  of  problems  of 
forecaoting  developments  of  transportation.  Ihe  studies  were  per¬ 
formed  at  the  Transportation  Center  at  Northwestern  University  and 
were  supported  by  the  U.S.  Army  Aviation  Materiel  Laboratories, 

Fort  Eustis,  Virginia.  Hie  first  study  in  the  sequence  of  studies 
was  supported  under  contract  DA  UU-1T7-TC-5T^.  The  subsequent 
studies  were  supported  \inder  contract  DA  4U-177-TC-685  (see  refer¬ 
ences  l-l8,  at  end) . 

Hiis  Final  Report  provides  overviews  and  summaries  of  these 
studies,  as  well  as  a  general  synthesis.  Some  materials  not  re¬ 
ported  previously  have  also  been  included. 

Ihe  studies  should  be  viewed  as  having  produced  several 
varieties  of  forecasting  capability,  rather  than  a  single,  compos¬ 
ite  predictive  system.  A  collection  of  tools  has  been  investigated, 
and  that  collection  provides  the  capabilities.  It  is  expected  that 
researchers  desiring  to  use  or  extend  our  work  would  select  from 
the  collection  of  tools  those  appropriate  to  their  tasks.  Our  em¬ 
phasis  is  upon  capabilities,  for  we  feel  that  there  are  many 
problems  for  which  at  least  partial  capabilities  are  available  from 
oiar  work.  We  have  not  completely  solved  any  unique  forecasting 
problem,  of  course. 

The  content  of  ‘Chis  Final  Report  represents  a  compromise. 

It  was  desired  to  review  in  detail  the  entire  plan  and  substance 
of  the  work;  yet  it  was  also  desired  to  highlight  the  structure 
of  the  work.  Ihese  two  objectives  are  somewhat  conflicting,  for 
emphasis  upon  structure  skimps  on  detail  and  detail  obscures  struc¬ 
ture.  Another  point  of  compromise  was  the  desire  to  present 
materials  on  forecasting  using  historical  trends  as  against  the 
desire  to  discuss  forecasting  based  upon  likely  planning.  It  is 
felt  that  both  statements  of  the  forecasting  problem  have  merit. 
Forecasting  using  historical  trends  would  seem  to  be  of  greatest 
short  run  value.  In  the  long  run,  however,  the  planning  emphasis 
should  have  greater  value. 

Research  tasks  were  undertaken  by  the  authors  of  the  reports 
cited  above.  Credit  for  such  values  as  the  research  may  have  goes 
to  these  individuals. 
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I.  INTRODUCTIQN,  BACKGROUND,  AND  REVIEW 


General  Disctxssion 


The  materials  in  this  chapter  provide  an  introduction  to 
research  which  has  been  recently  undertaken  in  order  to  develop  a 
forecasting  capability  for  transportation  developments  on  both 
national  and  regional  levels,  (Regions  in  this  case  may  be  either 
smaller  than  nations,  or  they  may  consist  of  sets  of  nations.) 
Despite  the  large  nimiber  of  forecasting  studies  available  eind,  in 
particular,  studies  which  could  be  classified  as  forecasts  of  trans¬ 
portation  developments  ~  for  instance,  the  work  with  highway  needs 
stxxdies  in  the  United  States  —  the  present  study  is  broad  and 
appears  to  be  unique.  Consequently*  it  would  seem  appropriate  to 
provide  a  general  background  discussion  prior  to  the  review  of  work 
con:5)leted  or  underway.  Seme  of  the  general  topics  which  require 
discussion  are;  (l)  the  needs  for  and  cases  of  forecasts,  (2)  the 
properties  of  transport  systems  that  must  be  reflected  in  fore¬ 
casting  models,  (3)  the  kinds  of  forecasts  that  may  "be  undertaken, 
and  (4)  the  close  articidation  which  exists  between  forecasting 
work  and  planning,  and  between  transportation  development  and  the 
development  of  other  aspects  of  the  economy, 

A  review  of  the  research  work  completed  follows  a  general 
background  discussion.  The  review  provides  orientation  to  the 
several  studies  that  were  xmdertaken  as  subtasks  of  the  larger 
effort  of  developing  a  forecasting  capability.  There  is  no  intent 
in  this  review  to  give  detailed  discussions  of  the  several  sub¬ 
tasks,  for  separate  documents  have  been  prepared  from  those 
studies.  Also,  portions  of  certsdn  of  those  studies  have  been 
adapted  for  use  in  this  present  document.  The  review  discussion 
is  intended  as  an  overview  of  the  entire  research  effort  and  it 
is  written  in  a  style  and  at  a  level  designed  to  complement  the 
prior  general  back^ound  discussion. 


Nature  of  Th'ansportation  Forecasts;  Some  Examples 

An  example  can  be  used  to  introduce  seme  of  the  problems 
encountered  in  attempting  to  forecast  transportation  developments 
and  changes  in  the  environment  within  which  developments  take  place, 
and  the  example  will  introduce  the  self-fulfilling  character  of 
certain  classes  of  forecasts,  A  highway  development  organization  — 
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say,  a  state  highway  depeurtment  that  is  charged  with  land  acqiiisition, 
construction  of  pavement  and  structures,  and  highway  maintenance  ~ 
may  need  projections  of  expected  numbers  of  persons  in  the  population, 
as  well  as  the  number  of  vehicles  and  how  they  will  be  used,  in  order 
to  develop  notions  of  needs  for  highway  construction.  The  forecast 
in  this  instance  is  tied  to  certain  planning  considerations,  and  it  is 
based  upon  parallel  forecasts  or  projections  of  specific  determinants 
of  transport  development.  The  transportation  forecast  produced  here 
is  a  contingency  forecast,  popiilation  and  number  of  vehicles  are..., 
then  needs  for  highway  constrtiction  will  be...".  This  example  also 
reveals  the  presence  of  forecasting  assunqptions.  It  is  assumed  that 
the  numbers  of  persons  in  the  pop\ilation,  the  nmbers  and  \ises  of 
their  vehicles,  and  needs  for  highway  construction  axe  related  in 
certain  stable  ways.  Hie  notions  of  contingency  and  relationships 
illustrated  here  are  central  to  the  forecasting  problem  and  will  be 
elaborated  upon  later. 

Seme  additional  properties  of  forecasts  may  be  illustrated 
through  the  examination  of  other  forecasting  situations.  Hiose 
examined  range  from  situations  where  there  is  little  or  no  control 
possible  over  the  outcome  of  the  forecasts  to  those  situations  in 
which  the  forecasts  become  virtually  self-fulfilling  because  the  fore¬ 
casting  agency  uses  these  forecasts  as  the  basis  of  actual  operating 
plans.  The  examples  which  follow  are,  of  course,  intended  only  to 
illustrate  these  points  and  not  to  provide  an  exhaustive  listing  of 
possible  situations. 

One  specific  situation  which  has  resulted  in  a  great  deal  of 
forecasting  activity  is  that  where  equipment  manufacturers  require 
forecasts  of  the  level  of  demand  for  certain  types  of  transportation 
equipment.  A  case  in  point  was  the  potential  market  for  jet  aircraft. 
This  market  was  extensively  explored  by  variotis  aircraft  manufacturers 
who  made  studies  of  travel  and  attempted  to  judge  how,  in  the  presence 
of  certain  econanies  resulting  from  jet  operation,  travel  might  be 
diverted  frem  existing  equipment  to  jet  aircraft.  In  this  type  of 
forecasting,  the  forecasting  agent  is  the  eqviipment  builder  and  the 
contingencies  in  the  forecast  are  those  which  arise  ■'^rom  the  reali¬ 
zation  of  certain  economies  resulting  from  specific  levels  of  equip¬ 
ment  utilization.  It  should  be  noted  that  the  pricing  and  sales 
efforts  of  equipment  manufacturers  may  affect  the  extent  to  which  the 
forecasts  hold'. 

Forecasts  of  investments  in  routes  and  other  facilities  provide 
still  another  example.  In  this  instance,  the  forecasting  agency  may 
be  a  national  highway  depeirtment,  or  perhaps  a  national  railroad  or 
airways  agency,  and  the  problan  is  that  of  anticipating  needs  for  route 
development.  The  forecasting  agency  might  be  a  private  organization  — 
say,  an  agency  developing  its  construction  schedule  or  estimating  con¬ 
struction  by  competitors,  or  an  ocean  transportation  firm  attempting 
to  anticipate  demand  for  and  the  development  of  an  ocean  transport 
service.  Investment  in  pipelines  provides  still  another  instance..  The 
examples  cited  here  are  similar  to  the  instances  mentioned  previously 
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in  that  the  forecasts  provide  a  measure  of  the  demand  for  transporta¬ 
tion  services,  and  the  forecasts  which  are  made  of  transport  develop¬ 
ments  are  to  a  certain  extent  self-fulfilling,  A  forecast  is  made 
and  transportation  facilities  are  estimated  in  the  forecast. 

Still  another  instance  may  be  provided  by  consideration  of  a 
state  or  regional  planning  agency  where,  again,  forecasts  are  under¬ 
taken  by  a  development  authority  and  the  separation  is  not  clear 
between  forecasting  to  determine  what  developments  may  occur  and 
forecasting  to  establish  needs  and  consequent  investment  programs. 


Nature  of  Forecasts 


It  should  be  clear  from  the  examples  above  that  it  is  difficult 
to  speak  of  forecasts  in  the  present  context  without  introducing  cer¬ 
tain  questions  of  the  demand  for  transportation,  and  that  forecasts 
may  well  be  self-fulfilling  in  that  the  forecasting  and  development 
groups  may  be  one  and  the  same.  Existing  forecasting  devices  vsiry 
in  the  degree  to  which  demand  and  supply  relations  are  dealt  with 
explicitly,  forecasts  and  estimations  of  need  are  separated,  and  fore¬ 
casts  are  self-fulfilling.  This  veiriability  among  forecasting  situ¬ 
ations  makes  a  general  discussion  of  forecasting  difficult. 


Forecasting  the  Decisions  of  Development  Agencies 


It  was  remarked  earlier  that  the  forecasting  work  represented 
by  the  present  study  is  relatively  unique.  In  contrast  to  the  examples 
noted  above,  the  present  investigation  is  much  more  general  in  scope. 

It  is  intended  to  provide  a  general  forecast  capability  which  will  be 
applicable  to  developments  in  small  areas  as  well  as  nations  and  large 
regional  groupings,  and  a  capability  that  is  not  specialized  in  terns 
of  a  particular  mode  of  transportation,  Ihere  is  still  another  differ¬ 
ence  between  the  present  investigation  and  the  work  of  other  transpor¬ 
tation  forecast  activities.  Forecasts  in  the  example  above  were  made 
by  development  agencies,  and  contingencies  in  the  forecasts  related 
to  matters  such  as  expected  rates  of  population  growth.  The  broader 
capability  which  is  under  development  here  m\ist  include  this  type  of 
contingency,  but  it  must  also  include  as  contingencies  questions  of 
Just  what  various  development  agencies  might  do  in  specific  circvnn- 
stances. 


Constraints  on  Forecasts 


It  is  clear  that  a  number  of  constraints  act  to  affect  the 
quality  of  a  forecast.  Lack  of  data  is,  of  course,  a  very  real 
problem,  especially  for  intercountry  comparisons.  The  contingent 
character  of  many  transportation  forecasts  provides  still  another 
problem.  It  is  true  that  all  forecasts  arc  subject  to  contingencies. 
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Blit  because  of  the  interdependence  between  transportation  and  other 
sectors  of  the  economy,  the  contingencies  encountered  in  transport 
forecasting  seem  to  be  more  difficult  to  handle  than  those  in  many 
other  types  of  forecasts.  One  might  estimate,  for  example,  that  if 
a  certain  level  of  output  was  reached,  then  transportation  would  expand 
to  a  certain  related  level.  A  difficulty  is  that  expansion  of  trans¬ 
portation  mi^t  be  required  to  raise  level  of  output,  so  the  simple 
contingency  is  inadequate.  One  other  practical  constraint  upon  trans¬ 
port  forecasts  arises  out  of  institutional  structures  because  the 
possible  courses  of  action  of  various  development  agencies  must  be 
talcen  into  consideration  and  development  agencies  vary  quite  widely 
in  purpose,  structvire,  eind  degree  of  control  exerted  upon  the  situation. 
Furthermore,  forecasts  must  range  from  the  highly  aggregative  to  the 
very  detailed.  Possible  considerations  range,  for  instance,  from  gross 
yearly  expenditures  on  transportation  services  within  a  national  econ¬ 
omy  throng  estimates  of  the  demand  for  weekday  passenger  movement  via 
air  between  two  distinct  cities. 

As  was  mentioned  before,  an  overriding  constraint  on  what  may 
be  anticipated  from  forecasting  work  arises  from  the  high  degree  of  inter¬ 
dependence  which  exists  between  transport  development  and  developments 
in  other  sectors  of  the  economy.  Current  ability  to  deal  with  these 
high  levels  of  interdependence  is  somewhat  limited.  This  point  may 
require  some  elaboration  because  what  constitutes  a  successful  fore¬ 
cast  seems  to  depend  upon  a  complex  set  of  relations  between  the  cost 
of  making  the  forecast  and  the  cost  of  errors  prising  from  incorrect 
forecasts,  as  well  as  the  extent  to  which  these  errors  could  be 
reduced  thro\jgh  further  expendittires  on  forecasting  operations  and 
data  gathering. 

When  transportation  forecasting  is  considered,  the  following 
statements  seem  to  be  reasonable.  While  something  is  known  about 
the  cost  of  forecasting,  there  is  little  or  no  knowledge  of  the  costs 
induced  by  errors  in  forecasting  or  of  the  deg^  to  which  these  errors 
might  be  reduced  by  increasing  the  amount  of  .  .sources  devoted  to  the 
forecasting  activity.  It  is  suspected  that  costs  due  to  errors  of 
forecasting  are  very  high  and  also  that  improvements  ir;  the  quality 
of  the  forecast  would  be  difficult  to  obtain.  This  latter  is  due  in 
part  to  the  cost  of  obtaining  improved  data  for  forecasting.  But  even 
if  better  data  were  available,  it  might  be  difficult  to  utilize  these 
in  a  more  effective  fashion. 

Again,  an  important  constraint  is  that  of  understanding  and 
formally  conceptualizing  the  high  levels  of  interdependence  which  exists 
between  transportation  and  the  other  sectors  of  the  economy.  In  other 
words,  even  if  better  data  were  available,  it  would  be  difficult  to  use 
this  information  effectively  since  it  is  ciirrently  quite  difficult  to 
handle  the  complex  problem  of  interrelationships  in  an  efficient  and 
effective  fashion. 

The  problem  is  somewhat  further  complicated  since  it  is  not  clear 
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what  degree  of  accuracy  is  needed  or  desired  for  the  various  kinds  of 
forecasts,  though  it  seems  apparent  that  increased  accuracy  pays  off  in 
the  long  rim.  It  is  also  not  clear  just  how  increased  accuracy  can  he 
achieved  in  any  given  situation,  given  the  difficult  data  and  conceptual 
problems  associated  with  the  forecasting  activity. 


Forecasts  as  Self~ItQ.f illing  Prophecies 


It  was  pointed  out  earlier  that  forecasts  are  frequently  tied 
into  soae  type  of  action  program.  Forecast  results  are  frequently 
given  some  sort  of  "needs"  connotation,  and  the  agency  then  proceeds 
to  meet  these  needs  via  various  planning  and  action  programs.  The 
question  of  how  accurate  the  forecast  is  may  not  he  answered  satis¬ 
factorily  under  these  circumstances.  This  point  will  he  discussed 
again  in  the  ensuing  section  which  examints  the  nature  of  forecast 
models. 


Forecasting  Devices 


Continuing  in  the  vein  of  the  first  portion  of  this  discussion, 
which  was  explanatory  and  expository,  the  problem  of  developing  fore¬ 
casting  devices,  or  models,  will  now  he  examined. 


Properties  of  Forecasting  Models 


It  is  easy  to  set  down  in  principle  those  properties  that  the 
ideal  forecasting  model  should  possess,  and  these  will  he  listed 
(c,f,,  Reference  19,  pp,  11-31): 

(1)  Forecasting  models  should  display  the  pertinent  behavioral 
relations  of  the  system  under  study.  If  it  can  he  estab¬ 
lished,  for  instance,  that  transportation  development  in 

a  region  is  some  function  of  the  rate  and  character  of 
resource  development,  then  such  a  functional  relationship 
should  explicitly  appear  in  the  forecast  model.  This 
property  of  the  model  specifies  the  type  of  data  that  will 
be  used,  the  theoretical  relationships  that  are  assumed, 
and  the  kind  of  forecast  produced, 

(2)  The  forecast  model  should  give  acciirate  results.  This 
requirement  of  accuracy  presumes  some  method  for  verifying 
the  accuracy  of  the  model.  The  model  which  produces  the 
statement  "At  some  time  there  will  be  so  many  automobiles 
that  all  the  world  will  be  paved"  is  one  that  cannot  he 
considered  to  he  verifiable  because  there  clearly  is  no  way 
in  which  the  accuracy  of  the  forecast  can  he  checked, 

(3)  The  model  should  be  as  simple  as  possible.  This  third 
property  seems  to  be  quite  reasonable,  and  is  one  that  it 
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is  easy  to  defend.  Where  two  given  models  are  of  equal 
power  hut  of  different  simplicity,  then  the  simplest 
should  he  selected. 

One  difficulty  that  occurs  in  attempting  to  maice  use  of  these 
desirable  properties  of  forecast  models  is  that  of  trade-offs  among  tiie 
various  properties.  It  is  easy  to  say  that  given  two  models  of  equal 
efficacy,  select  the  simpler.  Suppose  the  models  are  not  of  equal 
efficacy  and  they  are  not  of  equal  simplicity,  and  suppose  further 
that  one  model  is  simpler  than  the  other  hut  also  has  less  efficacy. 
Whether  or  not  this  model  is  more  desirable  than  the  more  complex  model 
of  greater  efficacy  depends  largely  upon  willingness  to  engage  in  a 
trade-off  of  simplicity  against  efficacy,  Hiis  trade-off  requires  a 
hi^  level  of  knowledge  on  the  part  of  the  decision  maker  regarding 
the  benefits  which  may  he  expected  from  different  levels  of  efficacy 
and  the  cost  of  increased  levels  of  complexity.  While  it  is  possible 
to  agree  in  principle  to  the  trade-off  notion,  it  is  equally  easy  to 
argue  that  knowledge  upon  which  to  base  the  trade-offs  will  be  very 
difficult  to  obtain  and  use. 

What  has  been  said  in  the  previous  paragraph  points  out  an 
additional  and  rather  obvious  property  of  the  forecasting  situation, 

Bie  purposes  of  forecasts  must  be  known  in  advance  and  the  decision 
situations  based  upon  the  forecasts  must  be  clearly  understood. 

Again,  this  is  a  property  of  the  forecasting  situation  that  is  easy  to 
describe  in  general  but  one  which  is  difficult  to  analyze  efficiently. 


Asamptions 


Two  points  about  assumptions  in  transportation  forecasting  need 
to  be  emphasized  at  this  time.  One  assumption  is  the  usual  one  which 
is  made  in  most  forecasting  situations  and  pertains  to  the  structure 
of  the  forecasting  problem.  It  is  assumed  that  the  characteristic  of 
the  transportation  system  which  is  under  consideration  in  the  forecast 
is  seme  function  of  a  given  set  of  variables,  Tnat  is,  given  known 
levels  of  certain  variables,  forecasts  of  the  levels  of  transportation 
variables  may  be  made  thro\igh  the  use  of  functional  relationships  which 
are  presimied  to  exist. 

Since  this  is  a  far  from  perfect  world  and  functional  relation¬ 
ships  are  never  exact,  some  companion  assumptions  must  be  made  regarding 
the  nature  of  forecasting  errors.  It  might  be  assumed  at  the  outset, 
for  instance,  that  forecast  errors  are  randomly  distributed  with  con¬ 
stant  variance  and  mean  of  zero.  This  may  or  may  not  be  the  case  in 
any  given  situation,  but  it  serves  to  exemplify  a  type  of  assumption 
which  may  be  necessary. 

Ideally,  the  functional  relationships  selected  would  completely 
describe  a-H  of  the  systematic  influences  operating  upon  the  trans¬ 
port  at  iorT^variables,  and  the  forecast  errors  would  then  consist  of 
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randcan  variations  arising  out  of  measurement  problems  and  the 
operation  of  strictly  random  influences.  In  practice,  however,  the 
functional  relationships  identified  can  do  no  more  than  sper.ify  seme 
of  the  systematic  influences  operating  upon  the  objects  '.i  is  desired 
to  forecast.  Consequently,  systematic  bias  frequently  occurs  in  the 
errors  of  the  forecast,  The  extent  to  which  errors  are  systematic, 
as  opposed  to  random,  and  their  magnitude  cannot  be  determined  strict¬ 
ly  on  logical  grounds.  Empirical  work  is  required  to  provide  estimates 
of  the  nature  and  magnitude  of  these  errors, 

lllie  fmctional  relationships  within  the  forecasting  model  may 
not  be  simple  ones  and  since  there  may  be  more  than  one  variable 
whose  level  is  to  be  estimated,  error  relationships,  in  turn,  may  be 
quite  complex.  For  Instance,  it  is  difficult  to  think  of  variables 
which  are  strictly  independent  of  the  level  of  transportation  activity. 
Variables  that  might  be  thought  of  as  conditioning  levels  of  trans¬ 
portation,  and  thus  entering  into  functional  relationships  as  pre¬ 
determined,  include  levels  of  population  and  economic  activities.  As 
was  mentioned  before,  however,  the  distribution  of  population  and  the 
level  and  distribution  of  economic  activity  are,  in  turn,  very  definite 
functions  of  transportation  availability,  iliese  variables  also  hav( 
relations  extending  to  distribution  of  resources,  capital  accumulation, 
and  still  other  factors.  In  other  words,  either  conditional  forecasts 
must  be  made  or  it  beemes  necessary  to  attempt  the  construction  of  a 
model  which  will  s imult an eous ly  forecast  the  levels  of  the  several 
factors  involved  (for  example,  transport  activity,  spatial  structure 
of  the  economy,  demographic  structure,  etc,). 

It  should  be  emphasized  that  there  are  some  ways  around  the 
conditional  forecasting  dilemma.  The  conditional  forecast  may  be  of 
little  utility  if  it  uses  as  its  input  some  variable  which  in  itself 
is  diffic\ilt  to  forecast.  On  the  other  hand,  the  possibility  that 
a  conditional  forecast  can  be  made  using  variables  which  may  be 
relatively  independent  and  simple  to  forecast  does  exist.  In  the 
case  of  income,  for  example,  national  policy  may  set  targets  regard¬ 
ing  the  growth  of  nationail  income  and  the  forecaster  may  have  strong 
reasons  to  believe  that  these  targets  will  be  met.  As  income  goals  are 
met  frem  year  to  year,  the  conditional  statement  would  hold  and 
hence  transportation  forecasts  would  also  hold.  It  is  also  possible 
that  the  forecast  may  not  require  that  the  time  ’.imension  be  explicit¬ 
ly  stated  since  the  area  of  interest  may  lie  in  what  level  of  trans¬ 
portation  activity  is  anticipated  at  that  time  (whatever  it  may  be) 
when  national  income  reaches  some  specified  level,  A  second  way 
of  attacking  the  problem  of  the  conditional  forecast  is,  as  mentioned 
before,  to  select  variables  that  themselves  are  relatively  simple  to 
forecast,  Popixlation  is  often  put  forth  as  an  example  of  such  a 
variable.  If  relationships  can  be  established  between  population  and 
the  level  of  transportation  activity,  then  the  presvnned  ease  of 
forecasting  population  provides  a  simple  way  of  determining  expected 
levels  of  transportation  development. 
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Cross-SectioD  Versus  Tizie»Series  Models 


It  vas  mentioned  previously  that  the  forecaster  has  essentially 
two  types  of  data  available  to  him.  He  may  use  a  set  of  observations 
over  time  periods  (for  instance,  he  might  trace  out  railroad  expansion 
versus  population  expansion  for  a  100-year  period),  or  he  may  make 
comparisons  among  different  areas  at  the  same  time  (for  instance,  he 
might  observe  miles  of  jw‘ved  road  and  size  of  county  for  the  counties 
of  the  state  of  Illinois) .  Qhe  forecaster  may  also  in  a  single  study 
attempt  to  combine  cross-section  and  time-series  materials. 

It  is  appropriate  to  consider  at  this  point  the  differences  in 
the  type  of  information  that  may  be  obtained  from  cross-section  and 
time-series  naterial.  Tiie  first  thing  to  note  is  that  in  both  approaches 
there  is  some  practicable  limit  to  the  ntunber  of  items  that  may  be  meas¬ 
ured  and  utilized  es  variables.  In  the  interest  of  simplicity  and  economy, 
population  and  miles  of  railroad,  say,  might  be  observed  in  a  number  of 
instances,  rather  tain  observing  population,  miles  of  railroad,  size  of 
area,  incane,  bushels  of  wheat  grown,  number  of  locomotives,  towns,  and 
so  forth,  in  a  smaller  nvunber  of  instances.  This  is  a  case  of  trading 
off  richness  in  individual  observations  versus  an  opportunity  to  make 
observations  in  many  different  instances,  as  well  as  trading  off  richness 
in  individual  observations  versus  the  desire  to  obtain  a  relatively  simple 
model.  While  no  general  rule  can  be  laid  down  that  is  applicable  to 
every  study,  it  generally  seems  advisable  to  find  samples  for  many  differ¬ 
ent  instances,  rather  than  attempt  to  put  the  bulk  of  the  effort  into 
obtaining  a  great  variety  of  inforiLation  within  individual  observations. 

The  fact  that  much  information  in  an  observation  may  turn  out  to  be 
redundant  mitigates  against  placing  much  effort  in  obtaining  a  great 
deal  of  information  about  an  individual  observation,  and  the  presence 
of  a  great  deal  of  redundant  information  in  an  individual  observation 
presumes  a  certain  capability  to  utilize  that  information.  By  redun¬ 
dancy  we  mean,  of  course,  that  the  variables  observed  are  saying  essen¬ 
tially  the  same  thing  because  they  are  highly  inter correlated.  For 
instance,  it  may  not  be  useful  to  observe  both  miles  of  double -tracked 
railroad  and  miles  of  high  quality  roadbed  since  these  two  characteris¬ 
tics  are  quite  frequently  found  together. 

The  rather  lengthy  discussion  in  the  preceding  paragraph  has 
some  direct  relevance  to  the  question  of  developing  models  which  make 
use  of  cross-section  or  tiraes-series  information.  Generally,  in  fore¬ 
casting  situations  of  the  present  type,  many  observations  are  preferred 
to  a  few  observations  where  each  individual  observation  contains  a 
great  deal  of  information.  With  respect  to  time-series  analysis,  in 
many  instances  the  time  span  over  which  observations  can  be  made  may 
be  so  short  that  the  sample  to  be  used  for  forecasting  lacks  necessary 
variability.  This  might  be  true,  for  instance,  if  the  forecaster  were 
working  with  the  variable  ’’miles  of  paved  road"  in  a  nation  where  this 
information  was  available  only  at  10-year  intervals.  Certainly  for 
most  areas  in  the  world  there  hav ’  not  been  very  many  10-year 
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intervals  since  paved  roads  were  first  (Levelqped. 

I^^sbloBs  in  the  use  of  tlae-series  axialysis  nay  'be  discussed 
at  a  sli^Iy  sore  general  level  than  in  the  paragraphs  above.  It 
vas  pointed  out  earlier  that  forecasting  involves  questions  of  vfaat 
is  deoanded  and  uhat  is  siqpplied  and  that  transportation  forecasting 
by  and  large  is  conditional  forecasting.  Over  tine  the  nature  of 
transportation  denand  changes  as  does  the  nature  of  the  stqiply. 
Observations  trace  over  tine  the  resultant  behavior  from  these 
parameters  rather  than  the  parameters  thesiselves.  (X>served  relation¬ 
ships  are,  then,  the  result  of  stqiisOy  and  demand  interactions  and 
are  not  observations  of  those  parameters  as  such.  A  great  deal  of 
effort  has  gone  into  the  examination  of  the  problem  of  tracing  out 
siqrpily.  and  demand  relationships  from  time-series  data  (for  example. 
Reference  20).  Suffice  it  to  say  that  this  is  a  vast  subject  and 
one  that  merits  the  careful  attention  of  the  forecaster. 


Qiere  are  also  very  real  problems  in  connection  with  cross- 
section  analyses.  Speaking  in  the  supply  and  demand  framework,  it 
might  appear  at  first  glance  that  the  sigpply  side  of  the  problem 
has  been  simplified.  For  instance,  the  forecaster  suspect 

that  transportation  technology  is  truly  international,  so  that  from 
nation  to  nation  or  from  one  area  to  another  at  any  'given  time  it 
may  be  assumed  that  there  is  no  shift  in  the  supply  parameter,  and 
what  is  then  observed  are  shifts  in  demand  structures.  Consequently, 
a  series  of  cross-section  observations  may  then  be  used  to  trace  out 
the  supply  curve.  While  the  clsdm  of  a  universal  transportation 
technology  has  some  merit,  it  also  should  be  realized  that  areas 
vary  in  terms  of  topograp^c,  climatic,  and  other  conditions  that 
affect  the  ability  to  stqpply  transportation,  so  one  should  not 
leap  too  quickly  to  the  conclusion  that  siq^ly  conditions  ranain 
conrtant  from  area  to  area.  Alno,  lack  of  foreign  exchange  for 
purchase  of  transportation  equipment,  tariffs  and  other  barriers  to 
national  trade,  and  area  to  area  variations  in  technical  know-how 
may  well  affect  ability  to  siq^ly. 

It  shoxild  not  be  concluded  fron  the  above  discussion  that  a 
cross-section  model  is  in  some  sense  better  than  a  time-series  model 
or  that  the  reverse  is  true,  because  the  choice  of  model  and  the  data 
utilized  clearly  depend  upon  the  circrmstances  of  the  research.  Also, 
it  should  not  be  concluded  that  there  are  insuzmountable  difficulties 
in  the  development  and  operation  of  either  a  cross-section  or  a  time- 
series  model  or  some  ccBablnatlon  of  the  two.  The  problems  dlscuissed 
above  are  among  those  central  to  model  development  and  forecasting. 
There  is  a  large  and  viable  literat\2re  dealing  with  them. 


Another  point  of  cooq>arlson  between  time-series  and  cross- 
secti(xi  models  results  from  the  formal  nature  of  the  model.  The 
model  may  take  the  form,  say,  ^  ®1  ^i1  ^  ^  ^  cross- 

section  model,  the  Yj .  and  X^.  are  respectively  the  ^served  value 
of  the  dependent  variable  for^the  i^“  area  at  time,  J.  J,  or  time. 
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is  held  constant,  so  the  only  variability  is  ancng  the  areas,  that 
is,  over  the  the  i  subscript.  Toe  U. .  represents  a  randcn  disturb¬ 
ance  or  error  term.  Cie  relationshi^given  in  the  equation  above 
states  that,  apart  from  the  error  tern,  different  values  of  Y  arise 
because  of  variations  in  the  values  of  X.  This  Implies  that  a  cer¬ 
tain  basic  hoMOgeneity  exists  asiong  the  areas  examined  in  the  study. 

If  the  sasqile  model  were  applied  to  a  time  series,  then  i  vould  be 
held  constant  and  variability  vould  exist  over  the  j's,  vhere  the 
different  values  of  indicate  different  time  periods. 

As  a  general  rule,  it  is  easier  to  assme  homogeneity  for  a 
given  area  over  a  period  of  time  with  respect  to  some  relationship 
than  it  is  to  assme  homogeneity  from  area  to  area  with  respect  to 
a  given  relationship  (Reference  20,p.  212).  In  a  cross-section 
study,  it  may  be  necessary  to  make  use  of  additional,  independent 
variables  in  order  to  assure  homogeneity  among  the  areas  studied 
with  resi)ect  to  the  functional  relationship  under  examination.  The 
introduction  of  additional  variables  is  generally  less  essential  in 
time-series  work. 

The  identification  of  a  systematic  relation  between  Y  and  X 
may  be  difficult  because  of  systematic  relations  among  errors.  Strong 
sy^ematic  relationships  among  the  error  terns,  the  U.  .'s,  are  likely 
to  be  associated  with  time-series  and  with  cross-section  observations. 
It  would  appear  unwise  to  make  a  general  statement  of  which  is  more 
likely,  although  it  can  be  remarked  that  it  may  be  easier  to  detect 
such  systematic  relationships  with  time-series  than  with  cross-section 
data. 


The  Present  Study 


Ihe  fairly  lengthy  and  general  discussion  of  transportation 
forecasting  given  in  the  several  sections  above  sets  the  stage  for  a 
review  and  discussion  of  the  nature  of  the  forecasts  and  forecasting 
devices  treated  in  the  present  study.  A  short  statement  with  respect 
to  the  overall  nature  of  the  effort  in  the  current  study  will  be 
made  prior  to  presentation  of  the  review. 

One  theme  in  the  introductory  sections  of  this  paper  has  been 
that  of  the  varied  character  of  transportation  forecasting.  Die 
present  study  is  not  directed  to  examination  of  specific  instances. 
Rather  it  is  addressed  to  the  problem  of  generating  a  general  fore¬ 
casting  capability.  In  scale  it  lies  between  a  highly  abs^iu'act  study 
of  the  nature  of  forecasting  and  the  production  of  a  i)articular  trans¬ 
portation  forecast.  It  has  been  stressed  that  a  knowledge  of  the 
relationships  among  variables  that  influence  the  levels  of  transporta¬ 
tion  activity  provides  the  functional  relationships  which  are  at  the 
core  of  the  forecasting  models.  The  present  study  is  addressed  particu¬ 
larly  to  the  examination  of  these  relationships.  It  is  felt  that  the 
more  exact  identification  of  these  relationships  will  prove  to  be  of 
great  assistance  in  any  specific  forecasting  effort. 
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A  mmber  of  relatlonshlpe  have  been  studied  in  different  foraiats. 
Actual  production  of  the  forecasting  capability,  then,  has  produced  a 
vhole  series  of  experimental  forecasting  studies*  These  studies  are 
articulated  to  the  extent  that  they  complement  each  other  as  exaiples 
of  forecasting  abilities.  ^Ihe  forecaster  vith  a  particular  problem 
at  hand  might  find  one  or  more  of  the  models  used  in  this  study  suita¬ 
ble  for  his  purpose,  in  spite  of  the  fact  that  the  chief  attention 
here  has  been  on  the  developaent  of  a  better  knowledge  of  functional 
relationships  and  the  production  of  a  general  forecasting  capability, 
rather  than  upon  the  detailed  examination  of  specific  forecasting 
situations . 


Review  of  the  Forecasting  Models 

Table  1  contains  abstracts  of  most  of  the  models  developed 
during  the  course  of  the  research.  The  second  column,  "iVpe",  Indicates 
that  five  of  these  models  are  basically  statistical  in  nature  and  that 
two  are  mathematical  in  nature*  The  models  which  are  described  as 
statistical  involve  certain  probability  considerations  while  those 
classed  as  mathematical  involve  more  in  the  way  of  mathematical  manipu¬ 
lation.  In  a  sense,  models  6  and  7  represmt  an  extension  and  augmen¬ 
tation  of  the  work  represented  by  models  1  through  This  is  to  say 
that  the  statistical  models  taid  to  exhaust  what  currently  may  be 
learned  through  examination  of  available  data  on  transportation  system 
development,  and  the  mathematical  models  represent  attempts  to  augment 
the  types  of  findings  that  may  be  made  from  the  exfflnlnation  of  data. 

The  column  "References”  Indicates  where  the  basic  work  with 
these  models  has  been  published.  The  extent  to  ^Ich  the  individual 
models  are  reviewed  in  the  present  doosnent  is  variable,  depending 
upon  availability  of  new  materials  and  the  extent  to  which  review 
is  required  tc  give  an  articulated  overview  of  the  research  effort. 

Seme  materials  related  to  model  7  are  included  within  this  present 
document,  but  no  separate  reference  is  available  for  this  material. 

No  separate  statement  has  been  prepared  largely  because  this  work 
parallels  materials  in  the  journal  literature. 

The  Cross-Section  Model  Applied  to  Stock  Aggregates.  Model  1 

This  model  was  constructed  with  the  objective  of  developing  a 
method  of  estimating  the  quantity  of  transportation  services  in 
different  countries  (See  Table  1  for  references) .  Lack  of  avail¬ 
ability  of  direct  measurements  upon  "quantity  of  service"  for 
individual  nations  made  it  necessary  to  select  variables  approxi¬ 
mating  those  quantities,  and  this  is  why  the  study  dealt  with  stock 
aggregates,  namely;  number  of  cars,  number  of  busses,  trucks, 
rail  freight  cars,  and  rail  passenger  cars.  Miles  of  road  and  rail¬ 
road  were  also  included  as  measures  of  the  quantity  of  service. 
Transportation  is  closely  related  to  the  structure  of  production  and 
the  quantity  of  service  is  influenced  by  the  extent  to  which  the 
service  is  used  in  intermediate  production  and  the  extent  to  which 
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table  1 


MODELS  STUDIED 


Ho. 

Type 

Applied  to 

For 

1 

Statistlceil 
(Cross-sect Ion) 

Stock  Aggregates 

International 

Ccnparlsons 

2 

Statistical 

(Cross-section) 

Properties  of 
Transport  Systems 

International 
Conpar  Isons 

3 

Statistical 

(Tiae-series) 

Properties  of  Trans¬ 
port  Systems  and 

Stock  Aggregates 

Individual 

Nations 

k 

Statistical 
(Sinqple  Simula¬ 
tion) 

Development  of 

Transport  Systems 

Individual 

Nations 

5 

Statistical 

(Factor-analysis) 

Maps  of 

Transport  Systems 

Individual 

Nations 

6 

Mathematical 

Location  of  Routes 

Place  within 
Nations 

7 

Mathematical 

Addition  of  Capacity 
and  Allocation  of 

Flovfs 

Routes  within 
Nations 

TABLE  1  — >  Continued 


Study  of  relationships  between  1,2 

quazitlties  s\ich  as  znanbers  of 

autoBobiles  or  rail  freight  cars 

and  population  density  and  gross 

national  product. 

System  properties  such  as  "con- 
nectlveness"  of  systems  related 
to  variables  such  as  level  of 
technc^jogical  development* 

To  au^nent  Models  1  and  2  above  .  I,2,8,13>l6 


Establish  development  rules  for  4,l4 

system  expansion. 

Method  of  breaJdng  coDq>lex  sys-  4,11,17 

terns  into  subsystems;  establish¬ 
ment  of  relations  between  sub¬ 
systems  and  variables  such  as 
size  of  cities  . 

Mathematical  treatment  of  the  loca- 
tion  of  transport  routes,  given 
flows  between  places. 

Mathemai  lcal  treatment  of  the  problem  34 

of  adding  capacity  to  established 
transport  systems. 


13 


the  transportation  services  are  directly  ccoisianed  as  end  products. 
Resources  were  not  available  to  construct  a  model  using  this  notion, 
so  relationships  were  defined  more  grossly.  Variables  thought  of  as 
eagplainlng  the  quantity  of  transportation  service  were  divided  into 
two  grotgps.  Climate,  topographic  conditions,  and  size  of  nations  are 
relatively  fixed  qniantities  that  directly  influence  the  quantity  of 
transportation  service  demanded.  Income  and  population  levels  also 
influence  the  quantity  of  transportation  services,  and  they  are  variables 
which  normally  change  over  tine.  Also,  Income  eind  population  relations 
deteimine  the  structure  of  demand  for  ccnmcdities  and,  thus,  for  the 
quantities  of  transportation  required  in  intermediate  production  versus 
the  quantity  of  transportation  which  is  demanded  as  a  final  product  in 
the  economy. 

A  series  of  115  regressions  was  fitted  in  order  to  Investigate 
statistically  the  functional  relationships  among  the  variables.  The 
results  pointed  up  the  very  strong  inportance  of  income  and  population 
considerations,  as  would  be  expected.  Insofar  as  the  statistical 
relationships  were  concerned,  these  were  found  to  be  relatively  simple 
in  character.  However,  the  results  of  the  regressions  require  rather 
subtle  interpretation  with  respect  to  economic  interrelationships,  and 
the  Identification  of  these  relationships  is  handicapped  by  the  fact 
that  it  was  necessary  to  make  use  of  data  which  only  approximated  the 
quantity  of  service  measurements. 

This  model  serves  as  a  good  illustration  of  the  notion  of  a 
conditional  forecast  model.  It  was  found  that  the  quantity  of  trans¬ 
portation  service  was  directly  related  to  levels  of  population  and 
economic  activity,  and  in  order  to  project  the  quantity  of  trans¬ 
portation  service  into  the  future,  it  is  necessary  to  project  the 
measures  of  popuilation  and  economic  activity. 


System  Properties,  tfodel  2 

It  is  obvio\is  that  any  forecasting  model  must  be  constructed 
from  hypothetical  butt  relevant  relationships,  together  with  duta 
which  are  meaningful  within  the  context  of  those  relationships. 

Biis  remark  is  made  because  one  of  the  major  problems  involved  in 
forecasting  transportation  developments  arises  from  the  fact  that 
transportation  generally  is  part  of  a  highly  interrelated  system. 

For  one  thing,  the  several  modes  of  transportation  may  and  frequently 
do  carry  ouct  overlapping  functions,  so  that  the  problem  of  allocating 
f’mctions  among  modes  arises  in  many  cases.  For  another  thing,  the 
several  modes  operate  on  complex  networks,  and  the  expansion  or  con¬ 
traction  of  a  transportation  network  represents  the  expansion  and  con¬ 
traction  of  a  complex  system  of  interrelated  routes.  !Ilie  study  of 
stocks  referred  to  above  incorporated  work  on  the  difficult  problem 
of  the  split  of  functions  among  modes;  the  other  studies  described  in 
the  present  section  are  concerned  with  the  problems  of  the  expansion 
and  contraction  of  networks. 
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The  problem  of  the  recognition  of  '^si^iificant'*  variables 
teas  dealt  with  by  creating  measures  which  succinctly  describe  basic 
network  properties.  For  instance,  the  notion  of  route  density  in 
relation  uo  places  served  was  codified  by  fomal  definition  of  the 
degree  of  the  connectiveness  of  a  network.  !Qie  minlmm  nianber  of 
routes  or  links  needed  to  connect  a  system  with  n  codes  is  (n-l) 
routes.  With  any  number  of  routes  less  than  (n-l),  the  transpor¬ 
tation  network  would  be  split  into  parts  which  are  not  connected 
with  each  other.  With  any  number  of  routes  greater  than  (n-l), 
alternate  routes  might  be  provided  for  movements  on  the  network. 

In  a  first  study,  a  nmber  of  system  properties,  auch  as 
connectiveness  which  was  mentioned  above,  were  related  to  such 
determining  factors  as  the  level  of  technological  development  and 
the  size  and  shape  of  nations.  A  series  of  regression  models  was 
used,  and  it  was  found  that  strong  functional  relations  existed 
between  the  investigated  variables,  Ihis  study  suggested  a  number 
of  alternate  measures  and  relationships  that  appeared  to  merit 
further  investigation.  Consequently,  work  was  continued  on  this 
model.  Ihe  model  was  formulated  in  several  ccmplementary  ways, 
and  studies  were  made  at  the  within-nation  level  in  addition  to 
the  between-nation  comparisons.  (Again,  references  are  given  in 
Table  1.) 


Time-Series  Analysis^ Model  3 


The  studies  of  stocks  and  indices  discussed  above  were 
essentially  cross-section  in  character  and  dealt  largely  with  com¬ 
parisons  among  nations,  ihe  relationships  studied  worked  rather 
well  in  the  sense  that  a  large  amount  of  the  variability  of  stocks 
and  structural  properties  of  transport  networks  among  nations  can 
be  related  to  variables  such  as  the  level  of  economic  development, 
T5ie  expression  "worked  well",  is,  of  course,  a  relative  one,  Hie 
forecasting  devices  worked  well  considering  the  tremendous  amount 
of  variability  encountered  among . national  \siits.  However,  estimates 
for  individtial  nations  may  deviate  from  actual  levels  by  significant 
amounts. 


Time-series  studies  were  made  to  augment  the  cross-section 
models  and  improve  knowledge  on  shifts  over  time  in  the  mix  of 
transportations  used.  These  studies  were  undertaken  for  regions, 
for  nations  and  among  nations  and  were  addressed  mainly  to  shifts  in 
output  among  modes.  These  models  conqjlement  the  cross-section 
studies,  The  cross-section  studies  identify  the  broad  controls 
over  levels  of  stocks  and  network  expansion,  while  the  time-series 
studies  are  thou^t  of  as  investigating  distinctive  time  paths  of 
change  for  particular  nations,  subject  to  the  actions  of  these  broad 
controlling  influences.  Put  another  way,  the  time-series  study 
provides  a  capability  to  apply  gross  parameters  of  change  to  particu¬ 
lar  sets  of  circumstances  (for  example,  a  specific  national  or 
regional  unit). 
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Sijqple  sets  of  relationships  vere  fitted  to  changes  over  time 
in  the  use  of  transportation  (amount  and  mix)  in  the  case  of  the 
United  States^  and  ccngparisons  vere  made  among  a  set  of  nations  — 
Spain,  Finland,  Italy,  Canada,  and  France. 


Hetwork  Simulation,  Model  U 

Work  also  was  done  on  simulation  of  the  areal  expansion  of 
transpbrtation  networks.  The  objective  of  this  work  was  that  of 
finding  a  set  of  operating  rules  which  would  describe,  subject  to 
the  kinds  of  deteimining  parameters  discussed  above,  the  expansion 
(and  contraction)  of  transportation  networks.  In  relation  to  the 
topics  discussed  in  the  three  previous  sections  of  this  portion, 
this  represented  an  attend  to  make  the  forecasting  specific  with 
respect  to  particular  places  and  times,  in  those  cases  where  ex¬ 
pansion  might  take  place  in  the  transportation  network. 

At  first,  considerable  difficulty  was  experienced  in  de¬ 
veloping  a  suitable  simulation  model,  and  it  was  found  that  simple 
"all  or  none”  mathematical  rules  would  specify  the  mappable  pattern 
of  the  network  at  least  as  well  as  would  the  probability-based 
simulation  rules.  Continued  work  and  increased  experience  gave 
more  interesting  results,  Hiis  is  judged  to  be  an  approach  with  much 
promise. 


Factor  Analysis  of  Network  Structure,  Model  3 

Modes  of  transportation  may  serve  overlapping  and  con5)le- 
mentary  purposes,  and  networks  may  consist  of  a  complex  of  inter¬ 
dependent  systans.  In  response  to  these  notions,  attempts  had 
been  made  to  develop  certain  indices  which  would  display  basic 
network  properties  and  commodity  flow  properties,  A  factor  analytic 
approach  to  struct\ire  was  used  in  attempts  to  discover  basic  struc¬ 
tural  properties  via  statistical  analysis  of  networks.  For  instance, 
systems  of  routes  connecting  points  were  represented  in  terms  of  a 
unique  matrix  (the  connection  matrix).  From  a  technical  point  of 
view,  the  factor  analytic  approach  is  one  which  approximates  the 
connection  matrix  with  a  matrix  of  lower  rank.  Experience  indicated 
that  the  connection  matrices  representing  transportation  networks 
could  be  interpreted  rather  simply.  For  instance,  it  was  found  that 
certain  aspects  of  networks  represent  field  effects  exerted  by  major 
urban  centers. 

In  addition  to  the  work  on  connection  matrices,  work  has  been 
done  on  commodity  flows.  This  approach  appears  to  be  useful  for 
identifying  properties  of  networks  it  is  desired  to  study  on  an 
intensive  basis. 
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Route  Location,  Model  6 

Experience  with  the  various  statistical  models  indicated 
the  questiorAbility  of  developing  a  forecast  capability  based  on 
"forecasting”  and  ignoring  planning,  (ihis  notion  is  more  exten¬ 
sively  developed  in  a  later  section  of  this  chapter.)  AlsO)  the 
statistical  models  were  gross,  and  we  desired  methods  of  estimating 
transportation  networlcs  details.  In  order  to  provide  a  capability 
in  these  areas,  a  mathematical  model  was  devised  that  attempts  to 
rveplicate  the  decisions  made  when  a  particular  network  configuration 
is  decided  upon.  (Actually,  this  is  not  a  single  model.  It  is  a 
set  of  computational  techniques.)  Enou^  work  has  been  done  with 
this  model  to  indicate  that  it  can  be  applied  well  in  limited  cases, 
but  that  when  general  cases  are  considered  the  model  provides  only 
a  guide.  Our  work  began  with  the  simple  case  of  connecting  three 
points  with  a  transportation  network  whmi  the  flows  to  (or  from) 
each  point  were  known  and  a  function  describing  the  fixed  and 
variable  cost  of  constructing  And  operating  the  transportation 
system  was  given.  Let  that  function  be  (  a  +  bf^)D^,  where  a  is 

the  fixed  cost  of  route  developnent  per  mile,  f.  Is  the  flow  to  be 

accomodated  on  the  i  “  link  of  the  network,  b  is  the  cost  per,  mile 
of  Borvlng  a  unit  of^hat  flow,  and  Dj^  is  the"* length  of  the  link. 
The  problem  is  that  of  constructing  •  network  in  such  a  way” as  to 
minimize  |^  (  a  +  bf^  )d^,  that  is,  the  problem  of  finding  the  route 

configuration  that  maxes  the  total  transport  cost  a  minimum.  Put  in 
other  words,  the  model  attempted  to  replicate  those  decisions  made 
by  transportation  development  authorities  when  it  is  decided  how  to 
build  routes  to  acccnmodate  specific  traffic  development  goals, 

A  second  problem  that  was  considered  was  the  problem  of 
connecting  two  points  with  a  route  of  minimaJ  cost.  Costs  in  this 
instance  were  fimctions  of  the  distance  travelled  and  of  the  type  of 
terrain  being  crossed.  Several  methods  were  developed  to  simplify 
this  problem  for  solution. 


A  Genered  Mathematical  Model,  Model  7 

The  discussion  in  the  two  paragraphs  above  was  with  reference 
to  a  special  case  of  the  connections  between  three  points  where 
flows  are  fixed  and  variable  costs  were  given,  A  conqjletely  genered 
case,  which  presently  seems  to  be  intractable,  would  treat  the  con¬ 
nections  of  n  points  into  a  network.  Flows  would  not  be  given  but 
would  depaid  upon; 

(1^  Bie  configuration  of  the  network,  and 
(2)  The  cost  of  transportation  resulting  from  the 
Chosen  network  configuration, 
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Flows  would  ailso  be  detemined  by  supply  and  demand  parameters  which 
would  be  determined  externally  to  the  transport  considerations. 

Fixed  and  variable  costs  would  also  be  treated  as  variables  to  be 
determined  in  the  general  case.  The  problem  is  that  of  simiiltaneously 
determining  as  efficient  configuration  of  the  network  and  deter¬ 
mining  the  fixed  and  variable  costs  that  result  from  and  debemine 
that  configuration.  In  spite  of  the  fact  that  this  general  prob¬ 
lem  is  not  tractable  at  this  time,  there  appear  to  be  a  number  of 
ways  of  approaching  it  that  may  prove  to  be  fruitful  in  the  context 
of  the  development  of  a  forecasting  capability.  Examples  of 
approaches  Include  studies  of  the  effects  of  changes  in  fixed  and 
variable  cost  ratios  on  network  configurations  using  sensitivity 
analysis  on  computers  (this  has  been  done  in  connection  with  Model 
6) ;  developing  ways  to  build  \q)  networks  by  considering  a  series  of 
special  cases,  for  instance,  building  up  a  total  network  by  con¬ 
sidering  only  three  points  at  any  one  time;  treating  flows  on  the 
network  as  variables  and  using  various  devices  to  assign  flows  at 
the  time  network  configuration  considerations  are  made;  and  con¬ 
sideration  of  the  problem  of  adding  capacity  to  existing  links. 

If  the  capability  to  forecast  route  location  is  needed  at 
a  relatively  microscopic  Iv.  -1,  then  the  effect  of  interrelations 
of  costs  and  route  orientation  must  be  explicitly  considered.  If 
the  capability  is  designed  to  deal  more  with  the  broad  scale  features 
of  network  development,  then  these  local  cost  variations  may  be 
assumed  to  be  of  little  significance. 

Several  kinds  of  exploratory  work  have  been  done  with  the 
general  mathematical  model.  Ways  have  been  found  to  treat  the  flows 
through  points  on  a  network  as  variables  rather  than  fixed  numbers, 
and  ways  have  been  fooxd  to  treat  the  problem  of  the  additions  of 
capacity  to  a  given  network.  Progress  and  problems  are  reported  in 
the  last  chapter  of  this  report. 


Ihe  Forecasting  Capability 
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This  present  doctment  is  a  review  of  the  component  parts  of 
a  study  designed  to  provide  a  capability  for  forecasting  transpor¬ 
tation  developments.  Seme  basic  properties  of  transportation  fore¬ 
casting  have  been  ovrtlined,  and  models  which  bear  on  the  forecasting 
problem  have  been  briefly  reviewed.  Ihis  final  section  of  the  first 
chapter  provides  a  summary  with  respect  to  thr  forecasting  capa¬ 
bility. 


ihe  forecasting  capability  which  has  been  developed  provides 
ways  in  which  to  state  how  gross  parameters,  such  as  the  level  of 
economic  develoanent,  are  related  to  transportation  development 
(models  1  and  2;.  At  a  somewhat  less  gross  level  it  also  provides 
ways  to  relate  these  parameters  to  year  to  year  changes,  network 
expansion  and  contraction,  and  related  topics  (models  3-7) .  It 
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would  be  easy  to  list  a  long  series  of  objections  to  these  models 
and  the  data  which  they  utilize.  Indeed,  introductory  sections  of 
this  docxment  anticipated  some  of  the  classes  within  which  such 
objections  might  fall.  In  the  second  paragraph  below,  ^at  appears 
to  be  the  really  chief  criticism  of  the  study*  s  methods  and  what  a 
broad,  forecast  capability  truly  req\iires  are  pointed  out. 

In  working  toward  a  transport  forecast  capability,  the  in¬ 
vestigators  have,  in  a  real  sense,  assumed  the  worst.  Our  inter¬ 
national  con^arisons  presime  only  a  general  knowledge  of  the  situa¬ 
tion  and  the  existence  of  rather  gross  levels  of  information;  these 
presim^ions  continue  to  appear,  although  to  a  lesser  extent,  in 
the  studies  of  simple  networks  and  individual  national  and  regional 
systems.  No  forecaster  would  be  charged  with  a  task  so  general, 
as  this  becatise  no  one  forecaster  has  to  be  prepared  to  forecast 
many  different  types  of  information  from  only  gross  data  levels, 
nie  present  capability  is  intended  as  a  general  forecasting  scheme 
wherein  a  forecaster  with  a  specific  problem  would  be  able  to  evolve 
a  specific  device  which  would  adequately  handle  his  problem.  Gener¬ 
ally,  the  specific  problem  wotild  be  more  constrained  than  those 
explicitly  considered  here,  and  the  results  obtained  would  be 
considerably  improved. 

On  the  debit  side,  the  investigators  must  admit  the  difficulty 
of  submitting  the  evolving  capability  to  .precise  empirical  checks. 

It  is  true  that  both  the  cross-section  models  and  the  time-series 
models  may  be  subnitted  to  goodness  of  fit  tests.  But  these  are 
fits  of  the  models  to  current  and  past  data  and  provide  little  firm 
information  on  developments  in  the  future.  This,  of  course,  is  true 
of  all  forecasting  devices.  A  particuleu:  weakness  results  from  an 
inability  to  handle  possible  changes  which  might  occur  in  transport 
technology,  niese  changes  might  arise  from  eqxxipment  iJi5>rovements 
or  they  might  result  from  improved  techniques  with  respect  to 
decision  making  about  transportation  developments.  To  an  extent,  our 
work  with  mathematical  models  of  development  decisions  anticipates 
the  latter  type  of  change, 

A  choice  available  to  certain  decision  makers  is  in  the 
choice  between  forecasting  and  planning,  A  national  agency,  for 
instance,  might  forecast  population  spread  and  income  and  then 
project  transportation  developments.  It  may  have  the  alternate, 
however,  of  planning  transportation  expansion  (or  contraction) 
in  such  a  way  that  desired  income  and  population  changes  obtain. 
Planned  solutions  may  differ  sharply  from  solutions  that  might 
be  forecast  based  upon  historical  relationships.  These  observa¬ 
tions  increase  the  scope  of  the  forecasting  problem.  ®ie  fore¬ 
casting  capability  must  extend  to  forecasting  methods  of  planning, 
including  goals,  techniques,  and  timing. 

It  appears  that  a  nmber  of  inter-  and  extra-city  trans¬ 
portation  systems  are  now  available,  each  with  a  different  mix  of 
costs  and  outputs.  Consequently,  technology  may  now  permit  choices 
from  systems  with  rather  different  characteristics.  The  planning 
problem  is  not  that  of  developing  the  system  that  meets  perfomance 
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reqvdrements  at  least  cost  because  in  most  situations  there  are 
mixes  of  noncoBq>arable  costs  and  outputs.  Ihese  sentences  point 
the  need  for  analysis  of  systems  alternates  in  planning  and  the 
consequent  need  for  that  type  of  analysis  in  forecasting  studies. 

This  type  of  study  is  a  large  undertaking.  It  has  not  been  attenqrted 
here. 


Remaining  Chapters 

Bisuing  chapters  provide  overviews  and  sunmaries  of  some  of 
the  main  areas  of  our  research.  Much  of  the  material  in  this  chapter 
has  been  presented  previously  in  publications  referred  to  in  Table  1. 
However,  there  is  some  new  material.  In  preparing  this  present 
document,  our  objective  has  been  to  present  the  main  features  of  the 
research  without  the  details.  Basic  documents  should  be  consulted 
when  details  are  desired. 
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II 


SOME  FORECASTS  OF  AGGREQATES 


An  aggregate  is  a  total  or  index  mmber  of  a  variable.  For 
an  exao^le  of  an  analysis  of  aggregates ,  consider  a  study  in  which 
the  populations  of  cities  were  related  to  the  tons  of  foodstuffs 
shipped  into  those  cities.  Here,  attention  would  be  on  suns  of  pop¬ 
ulations  and  tons  of  food  per  city.  Aggregations  of  partic\ilar 
interest  in  transportation  forecasting  problems  are  national  aggre¬ 
gates,  the  miles  of  railroad,  nunber  of  automobiles,  etc.,  within  a 
coimtry.  Rational  units  are  quite  meaningful  when  the  study  of 
economic  activities  such  as  transportation  are  undertaken.  These 
activities  are  siibject  to  national  economic  policy,  national  goals, 
nature  of  the  national  product  mix,  etc. 


CoBiparisons  of  Transportation  Stocks 

In  the  Introduction  to  the  first  report  from  our  studies 
(Reference  l)  and  in  the  Preface  of  another  (Reference  5)»  it  was 
pointed  out  that  the  surface  transportation  developsent  of  any 
cotintry  depends  on: 

General  econosilc  developsient. 

Natural  environment. 

Location  of  activities. 

Available  technology  and  relative  cost  structure. 

Ihe  interests  and  prefer«ices  of  those  who  make  decisions 
affecting  transportation. 

Military  and  political  influences. 

Ihe  historical  pattern  of  development  and  outlook  for 
the  future. 


A  list  such  as  this  one  is  by  no  means  all  inclusive. 


One  mi^t  also  list  aggregate 
a  country,  say: 

Number  of  autcmobiles. 
Miles  of  road. 

Miles  of  railroad. 

Ton  miles  haule 
Number  of  railrovui  cars 

And  this  list  is  also  somewhat  less 


measures  of  the  transportation  of 


Cost  of  transportation. 

Number  of  workers. 

Fuel  used  in  transportation. 
Number  of  trucks. 

Transportation  indtistry  profits. 

than  all  incltisive. 
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These  two  lists  and  the  notion  ’’depends  on”  serve  to  introduce 
the  major  ideas  within  the  study  of  transportation  stock  aggregates. 

One  central  notion  was  that  of  the  manner  in  which  stock  aggregates 
dei>end  on  such  matters  as  the  level  of  ecooanic  development.  Data 
had  to  be  examined  so  that  the  nature  of  the  functional  relation¬ 
ships  could  he  established.  At  a  practical  level  there  was  the  prob¬ 
lem  of  what  data.  B^ind  this  question  was  the  question  of  what 
variables. 

The  choice  of  variables  used  to  explain  inter-nation  variations 
in  transportation  stock  aggregates  involved  considerable  ccmpromlse. 
This  conq>romise  resiilted  from  the  attempt  to  develop  a  forecast  method¬ 
ology  as  well  as  an  tinderstanding  of  the  basic  factors  influencing  the 
developmart  of  transportation  stock  aggregates.  As  regards  the  fore¬ 
casting  of  the  nimiber  of  motor  cars,  for  example,  if  one  were  supplied 
with  the  number  of  gasoline  service  stations  within  a  country,  he 
could  likely  make  good  estimates  of  the  number-  of  cars.  The  difficulty 
is  that  data  on  the  mnber  of  service  stations  would  be  as  difficult 
to  estimate  as  the  data  on  cars,  one  object  of  the  study.  Also,  knowl¬ 
edge  of  the  nunber  of  gasoline  stations  would  be  of  little  interest 
from  an  explanatory  viewpoint.  Surely  both  numbers  of  cars  and  numbers 
of  gasoline  stations  result  from  coanon  explanatory  relationships. 

From  an  ease  of  forecasting  point  of  view  some  unchanging 
variable,  such  as  the  amount  of  rainfall,  might  be  valuable  since  it 
is  relatively  easy  to  estimate.  On  the  other  hand,  there  is  little 
reason  to  expect  a  close  relation  between  the  amount  of  rainfall  and 
the  number  of  cars.  What  is  desired  is  a  series  of  variables  that 
(l)  can  be  thought  of  as  expleinatory  and  (2)  are  at  hand  for  purposes 
of  making  estimates,  Ihe  proLlem  is  that  data  that  are  ejqplanatory 
are  rarely  easy  to  come  by  and  data  that  are  easy  to  come  by  are 
rarely  explanatory. 


The  Problem 


A  compromise  list  of  explanatory  or  independent  variab3es  was 
achieved,  Ihese  included  population,  area,  gross  domestic  production, 
per  capita  income,  population  density,  slope,  and  rainfall.  Certain 
of  these  variables  are  relatively  unchanging.  Others,  such  as  popula¬ 
tion,  do  change  over  time.  However,  these  latter  were  suspected  to  be 
of  prime  iiiQ)oi'cance  in  explaining  the  level  of  transportation  stock 
aggregates  and  thus  essential  in  the  calculations.  Also,  they  are 
relatively  easy  to  project  in  an  aggregate  manner.  Income  and  pro¬ 
duction  more  and  more  are  tending  to  be  planned,  so,  providing  that 
planning  goals  can  be  met,  their  levels  at  future  time  periods  should 
be  establishable, 

llhese  variables  should  be  compared  to  the  list  given  earlier 
of  factors  upon  which  levels  of  transportation  stocks  might  depend. 
Again,  the  variables  represent  a  compromise  between  the  explanatory 
desiderata  and  usable  data. 
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Data  developed  to  serve  as  measicres  of  transportation  stoclcs 
are  listed  below.  These  were  regarded  as  the  dependent  variables. 


Cars,  January  1,  1957 
Buses,  January  1,  1957 
Trucks,  January  1,  1957 
All  Roads,  1956 
Paved  Roads,  1958 
All  Roads,  1958 
Rail  Trsudcs,  1956 


Rail  Passenger  Cars,  1956 
Loccootives ,  1956 
Freight  Train  Cars,  IS^ 

Rate  of  change  in  Umber  of  Cars 
Rate  of  change  in  Nmber  of  Buses 
P^te  of  change  in  Ifmber  of  Trucks 


The  complete  data  matrix  contained  data  on  the  variables  listed 
above  for  71  nations.  However,  there  were  certain  instances  in 
which  data  were  not  available,  A  large  effort  was  required  in  devel¬ 
oping  the  data  matrix,  and  one  consequence  of  this  was  some  later 
survey  work  on  the  availability  of  data  of  this  type  (Reference  lO) . 
One  conclusion  from  our  work  is  that  a  considerable  effort  will  be 
reqtiired  to  develox  and  maintain  those  data  systems  that  would 
form  the  basis  for  forecasts  and  model  estimation  of  the  type 
st\xdied  here. 


Table  2  provides  exasq)les  of  correlations  among  the  depen¬ 
dent  variables.  The  entrj'  .78,  reading  across  the  line  beginning 
"1,  Cars,  1/1/57",  indicates  a  correlation  between  nmbers  of  cars 
and  variable  ntanber  2  (Buses  I/1/57)  of  the  magnitude  .78.  These 
exanqjles  are  given  here  in  order  to  provide  a  rou^  idea  of  seme 
of  the  redundancies  in  the  measures  of  stocks.  It  is  not  unexpected 
that  nations  with  many  cars  would  have  many  buses  and  trucks  and 
would  have  considerable  milages  of  paved  roads  and  railroads. 


TABLE  2 

SIMPLE  CORRELATION  COEFFICIENTS 
BEIWEEN  SELECTED  DEPENDENT  VARIABLES 


1 

2 

3 

4 

5 

1. 

Cars,  1/1/57 

1 

. 

00 

.94 

.89 

.75 

2. 

Buses, 1/1/57 

Trucks, 1^/57 

1 

00 

• 

.74 

.77 

3. 

1 

.84 

.78 

4. 

Paved  Roads,  1958 

1 

.64 

5. 

Rail  Tracks,  1956 

1 

Table  3  provides  a  saiiQ)le  of  the  correlations  among  certain 
of  the  independent  or  explanatory  variables.  Althou^  this  sample 
is  small,  it  show  properties  of  the  relationships  among  the 
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independent  variables,  llie  physical  variables,  such  as  slope,  tended 
to  have  low  correlations  with  the  other  independent  variables,  while 
economic  variables  were  intercorrelated  with  each  cjther.  The  sig¬ 
nificance  of  this  point  to  the  analysis  will  be  dijjcvissed  in  a  later 
section  of  this  chapter. 


TABLE  3 

SIMPLE  CORRELATIONS 

BETWEEN  SEt.ECTED  INDEPENDENT  VARIABLES 


National  Income 

Slope 

Population  Den:: it y 

.12 

.15 

Income  Per  Capita* 

.54 

.16 

Gross  Domestic  Produce* 

.96 

-.06 

Area 

.4? 

Population 

.76 

♦Measured  at  free  exchange  rates. 


Ccmputations 


The  question  was  then  asked;  how  does  e£ich  of  the  measures  of 
transportation  stocks  relate  to  the  independent  variables?  A  number 
of  considerations  went  into  answering  this  question.  For  one,  when 
values  of  the  variables  were  plotted  on  graph  paper,  it  was  noted 
that  relationships  did  not  follow  a  straight  line.  Also,  rates  of 
change  seemed  important.  For  these  reasons,  nonlinear  relations  were 
studied.  This  was  done  by  fitting  the  equation 


Xq  =  ax^ 


... 


in  logarithmic  form;  namely, 

log  Xq  =  log  a  +  b^  log  x^  +  bg  log  x^  +  ...  +  \ 


where; 

Xq  Is  the  value  of  a  transportation  stock 
3^  through  x^  are  the  values  of  the  various 
independent  variables 

b^  throu^  b^  are  the  values  of  the  partial 
regression  coefficients 


The  b*s,  the  multiple  regression  coefficients,  were  estimated 
using  well-known  methods  of  linear  regression.  Estimates  of  error  for 
each  b  and  partial  correlation  coefficients  were  also  estimated,  Hie 
square  of  the  partial  correlation  coefficient  is  known  as  the  partial 
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coefficient  of  detentination.  The  latter  may  be  interpreted  as 
the  percentage  of  the  variability  in  the  dependent  variable  associ¬ 
ated  vith  cancoonitant  variation  in  the  particular  independent  variable. 

In  order  to  investigate  all  of  the  combinations  of  variables 
that  seemed  promising,  11^  regressions  v^e  calculated. 


Interpretations 

Huiy  calculations  were  made.  All  that  can  be  done  here  is  to 
give  some  examples  of  results  from  these  calculations  and  provide 
general  statements  on  research  of  this  type. 

Table  4  presents  one  set  of  results  from  the  computations. 

Hie  regression  coefficients  shown  on  lines  1  and  4  may  be  inter¬ 
preted  by  reference  to  the  eqiaation  given  in  the  section  above.  Of 
interest  to  the  present  discussion  are  the  partial  coefficients  of 
determination  given  on  lines  3  and  6.  These  coefficients  have  a 
very  simple  interpretation  —  they  show  the  percentage  of  the  variation 
in  a  dependent  variable  associated  with  variations  in  an  independent 
variable.  It  is  easy  to  see  that  income  is  a  much  more  meaningf\il 
independent  variable  than  is  income  per  capita,  and  it  is  also  easy 
to  see  that  the  importance  of  income  varies  greatly  among  stocks. 

Si^jplemental  information  is  provided  in  Table  5.  Bie  table 
is  with  reference  to  three  of  the  sets  of  independent  variables  used 
in  the  regressions  and  with  reference  to  seven  of  the  dependent  varia¬ 
bles.  Hiese  combinations  were  21  of  the  115  regressioas. 

The  mtOtiple  coefficients  of  determination  indicate  the  per¬ 
centage  of  variation  in  the  dependent  variable  associated  with  the 
independent  variables,  taken  all  together.  For  instance,  79  percent 
of  the  variability  in  namber  of  motor  cars,  using  data  for  January  1, 
1957,  is  associated  with  variation  in  gross  national  product,  income 
ner  capita,  and  population  density. 

Data  in  Tables  4  and  5  illustrate  findings  that  permit  a  very 
simple  interpretation,  llie  relationships  between  individml  indepen¬ 
dent  variables  and  the  dependent  variables  are  smeQ.!.  Sets  of  indepen¬ 
dent  variables  give  tronger  and'  fairly  uniform  results  fhom  dependent 
variable  to  dependent  variable.  Res\il+'’  are  improved  when  a  dependent 
variable  is  used  in  the  role  of  an  ir  .pendent  variable,  that  is,  as 
shown  in  line  3  of  Table  5» 

Table  6  gives  information  similar  to  that  in  Table  3  on  page 
4o.  These  data  illustrate  ways  in  which  supplies  of  transportation 
stocks  are  related  to  each  other.  Here  the  interpretation  is  that 
levels  of  stocks  are  determined  by  common  expleinatory  relationships. 
Another  important  kind  of  relationship  derives  from  the  siibstitution 
of  one  stock  for  another.  An  example  of  the  former  interpretation  is 
the  notion  that  nations  with  high  levels  of  income  and  large  populations 
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TABLE  h 


PARTIAL  REGRESSION  COEFFICIENTS,  THEIR  STANDARD 
ERRORS  AND  PARTIAL  COEFFICIENTS  OF  lETERMINATION 


OF  INCCME  PER  CAPITA  AND  INCOME 
(Variables  Transformed  into  Logarithms) 


1  January  193T 


Cars  Buses  Trucks 


Income  Per  Capita 


1. 

Partial  Regression  Coefficient 

.505 

-.332 

.0U3 

2. 

Standard  Error 

.138 

.13U 

.126 

3. 

Partial  Coefficient  of 
Determination 

.25 

(-).13 

.00 

Income 

k. 

Partial  Regression  Coefficient 

.^*93 

1.009 

5. 

Standard  Error 

.165 

.lUl 

.livO 

6. 

Partial  Coefficient  of 

.66 

.23 

.56 

Determination 
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TABLE  4  —  Continued 


1936 _  1938  1936 


Rail 
Passen¬ 
ger  Cars 

Rail 

Freight 

Cars 

All 

Roads 

Paved 

Roads 

Rail 

Tracks 

Income  Per  Capita 

-.064  .065 

-.147 

.233 

-.260 

.320 

.260 

.145 

.191 

.239 

.00 

.00 

(-).03 

.04 

(•).03 

Income 

1.180 

1.178 

.847 

1.061 

.843 

.338 

.286 

.160 

.214 

.231 

.23 

.30 

.41 

.38 

.22 
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TABLE  5 


MULTIPLE  COEFFICIEIITS  OF  DETEKMINATION 
OF  THREE  SETS  OF  REGRESSIONS 


1  January  1957 _ 

Cars  Buses  IVucks 


Independent  Variables 


D.  P.,  Income  Per  Capita, 
Density 

.79 

.76 

.83 

D.  P.,  Income  Per  Capita, 
Density,  Average  Slope,  Aver¬ 
age  Rainfall 

.82 

.76 

.86 

,  D.  P.,  Income  Per  Capita, 
Density  and  Another  Mode 
of  Itansportation  (in 
brackets) 

.86 

(Roads) 

.82 

(Cars) 

.87 

(Roads) 
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TABLK  5  —  Continued 


1956 

Rail 

Rail 

Passen- 

Freight 

All 

Rail 

ger  Cars 

Cars 

Roads 

Tracks 

Independent  Variables 

.68 

.69 

.83 

.69 

.66 

.65 

CO 

• 

.65 

•91 

.96 

.87 

.97 

(Rail 

(Rail 

(Rail 

(Rail 

Tracks) 

Tracks) 

Tracks) 

Freight 

Cars) 
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TABLE  6 


MATRIX  OF  SIMPLE  SQUARE  CCXiREIATIONS 
BETWEEN  THE  LOGARITHM  OF  THE  VARIABLES^ 


_ 1  January  1957 _ 

Cars  Buses  Trucks 

Cars,  1  January  1957  1  *610  .885 

Buses,  1  January  1957  1  .755 

Trucks,  1  January  1 

1956  Roads 

1958  Paved 

Rail  Tracks,  1956 

Rail  Passenger  Cars,  1956 

Train  Freight  Cars,  1956 

^All  the  correlations  are  positive. 
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table  6  —  Continued 


1956 

1958 

1956 

1956 

All  Roads 

Paved 

Roads 

Rail 

Track 

Rail 
Passen¬ 
ger  Cars 

Brain 

FreJ'^ht 

C'  . 

.766 

.787 

.566 

.613 

.648 

.579 

.555 

.591 

.621 

.594 

.805 

.707 

,60k 

.619 

.632 

1 

.576 

.702 

.661 

.672 

1 

.407 

.521 

.513 

1 

.810 

.903 

1 

.880 

1 


31 


♦ 


would  be  expected  to  constme  much  transportation  and  thus  have  large 
stocks.  An  example  cf  the  latter  relationship  is  the  notion  that  a 
nation  with  many  trucks  would  need  few  rail  freic^t  cars.  Trucks  may 
be  substituted  for  cars. 


Related  Work 


Biere  is  no  way  to  say  whether  the  results  of  this  work  were 
good -or  bad.  Certain  relationships  were  found,  and  these  illustrate 
the  results  that  might  be  expected  fraa  work  with  actual  problems 
where  this  method  and  this  or  a  similar  set  of  data  were  used.  Tie 
nature  of  the  findings  did  s\J5)ply  one  motive  for  some  work  on  our  part 
using  within-nation  (References  8,  l6  and  l8)  and  among-nation  (Refer¬ 
ence  13)  comparisons.  In  addition,  some  within-nation  models  were 
investigated  at  the  time  the  study  just  reviewed  was  completed  (Refer¬ 
ence  1).  A  second  motive  for  these  additional  studies  was  the  desire 
to  investigate  the  roles  of  time  trends  in  transportation  utiliza¬ 
tion,  A  third  motive  was  the  desire  to  study  substitution  relations 
among  transportation  modes,  the  kinds  of  relationships  mentioned  in 
the  pairagraph  above. 


Comparisons  Among  Nations 


The  coBQ>arisons  among  nations  (Reference  13)  were  made  by 
computing  a  single  model  several  times  for  railroad  passenger  movements 
and  for  railroad  freight  movoaents  for 


France 

Finland 

Canada 

Spain 

It€Lly 

nil%  4  T  4  ^  4- V\  o 

UiV/V&CO.  ffC»0  %/X  lUXm 

Log  Q  =  Log  A  +  b^Log  P  +  b^Log  Y  +  b^T 

where 

Log  Q  =  log  of  passenger  (ton)  miles  (km.)  per  capita, 

Log  P  =  log  of  passenger  (ton)  revenue  per  mile  (km,), 
both  in  nominal  and  real  terms. 

Log  Y  =  log  of  national  income  per  capita,  In  real  terms, 

T  =  linear  time  trend  (l948-196o) . 

Tie  coefficients,  the  b's,  were  the  parameters  that  were  estimated. 

Tie  coefficient  of  Log  P  represented  the  price  elasticity  of  demand 
and  the  coefficient  of  Log  Y  was  the  income  elasticity  of  demand.  The 
coefficient  of  T  gave  the  percentage  trend  in  consumption  of  the  de¬ 
pendent  variable  Log  Q.  Table  7  presents  a  sample  of  the  results  of 
this  estimation  process.  Tie  table  is  divided  into  an  upper  half  for 
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peussenger  analysis  and  a  lover  half  for  frei^^  analysis.  £ach 
regression  was  estimated  under  two  alternatives;  the  first  included 
the  price  variable  in  nominal  tenns  end  the  second  included  price 
in  real  terms.  Standard  errors  of  the  coefficients  are  listed 
in  parenthesis,  and  partial  correlations  are  listed  under  the 
standard  errors. 


General  Remarks 


Ihe  study  now  under  discussion  emphasized  the  impact  of  time 
trends  on  transportation  utilization  and  the  substitution  of  one  type 
of  transportation  for  another  as  nations  develop  and  as  price  relation¬ 
ships  change.  Again,  data  were  pirocessed  for  each  of  five  nations, 
and  conclusions  could  be  reached  for  each  nation  as  well  as  from  cor- 
parisons  among  the  nations.  Hie  table  presented  here.  Table  7»  pro¬ 
vides  only  a  sample  of  the  results. 

From  general  knowledge  one  would  expect  that  as  nations 
develop  more  advanced  economies,  larger  numbers  of  siibstitutable  pro¬ 
ducts  and  services  would  appear  in  the  market.  Hiis  increases  the 
competitive  milieu  of  any  one  such  "good”.  From  the  point  of  view 
of  price  relationships,  this  developmental  process  serves  to  push 
price  ^asticities  from  relative  inelastic  positions  to  greater  elas¬ 
ticities,  Similarly,  one  would  expect  that  consumption  of  most 
services  would  increase  with  rising  incomes.  Hius,  one  might  expect 
income  elasticities  to  be  higher  for  the  more  developed  nations. 

Hie  income  elasticity  notion  may  or  may  not  pertain,  depending  upon 
whether  the  service  under  question  represents  a  superior  or  an  inferior 
good.  If  the  former,  elasticities  will  rise  with  national  income; 
if  the  latter,  elasticities  will  decline,  Hiese,  of  course,  are  a 
priori  notions  derived  from  general  ideas  and  knowledge.  However,  they 
provide  the  background  for  the  study  of  railroad  services. 


Results 


Twenty  regressions  were  run  and  26  of  these  had  coefficients 
of  detenriination  (r^)  of  greater  than  ,75.  Table  7  is  an  example  of 
one  of  the  poorer  results,  the  passenger  services  in  Spain,  Trend 
effects  were  small  in  all  cases 'except  for  Canada,  Both  passenger  and 
freight  services  displayed  negative  trends  for  all  countries,  except 
passenger  service  in  Italy.  A  large  negative  trend  found  for  Canada 
(3.5  percent)  is  not  surprising;  It  parallels  the  Ikiited  States 
experience  of  declining  rail  consumption  in  the  face  of  sharply  rising 
motor  carrier  consumption,  European  experienpe  indicated  trend  terms 
clustering  about  zero,  or  the  lack  of  any  obvious  trend.  It  is  diffi¬ 
cult  to  make  inferences  regarding  the  availability  and  influence  of 
substitiitable  services  in  light  of  such  evidence.  Yet,  the  analysis 
seemed  to  indicate  that  the  portrayal  of  increased  European  railroad 
consumption  in  absolute  units  conveys  a  stilted  view  of  the  sitiiation. 
The  growth  of  railroad  consumption  diiring  the  post-war  period  seems 
to  have  been  offset  by  population  growth. 
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OVkBIf  7 


SPAIN: 


PARTIAL  R] 


ION  CGE^FICIEIITS,  STANDARD 


ERRORS  (in  Parenthesis),  AND  PARTIAL  CORRELATION 


COEFFICIEHTS  FOR  TRANSPORTATION  RELATIONSHIPS. 


1.  Dependent  Variable  Log  Rail  Passenger  Kilometers  per  Capita, 

1948-60. 


Intercept 

Standard 

Error 

Log 

Inccmie 
per  Capita 
(Peseta) 

C.P.I. 

Log 

Rail  Price 
(pes./pass. 
km.) 

1.2842 

0.2112 

-0.3867 

0.4278 

(0.1251) 

(0.1426) 

0.4903 

-0.6705 

1.0952 

0.2782 

0.4708 

(0.1326) 

0.5729 

2.  Dependent  Variable  Log  Rail  Ton  KilcHneters  per  Capita,  1948-60. 


-1.0389 

C.9219 

0.0470 

0.6221 

(0.1702) 

(0.1339) 

0.8747 

0.1163 

-0.9971 

0.9058 

0.6218 

(0.1708) 

0.8701 
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TABI£  T  —  Continued 


1.  Dependent  Variable  Log  Rail  Passenger  Kilometers  per  Capita, 

I9U8-6O. 


Log  rime 

Rail  Price  (0-12) 

(pes./p^ss. 

_ km.) 

C.P.I. 


0.0106 

(O.OOTl) 

0.445T' 

.6878 

-0.3620 

-0.0005 

.6056 

(0.1822) 

(0.0045) 

-0.5521 

-0.0429 

2.  Dependent  Variable  Log 

Rail  Ton  Kilometers 

per  Capita,  1948-60. 

-0.0147 

(0.0067) 

-0.5866 

.8527 

0.0106 

-0.0130 

.8507 

(0.2104) 

(0.0049) 

0.0168 

-0.6620 

35 


All  of  the  price  elasticities  of  demand  had  the  correct  f'.ign, 
except  for  frei^t  service  in  Spain,  as  shown  in  Table  7.  The  Spanish 
elasticity  vas  small  and  regeirded  as  zero.  The  freight  price  elas¬ 
ticities  displayed  a  rsinge  of  progression  according  to  rankings  of 
economic  development  level.  Biat  is,  the  least  developed  nation, 

Spain,  has  the  smallest  price  elasticity  while  the  most  developed 
nation,  France,  has  the  greatest  price  elasticity.  Ihis  observation 
fits  the  general  notion  about  the  movement  of  price  elasticities  and 
economic  development.  With  regard  to  passenger  services,  the  corre¬ 
lation  between  price  coefficients  and  development  was  not  so  pronounced. 

Income  coefficients  displayed  a  more  complex  pattern  of  varia¬ 
tion.  Passenger  Income  elasticities  varied  directly  with  development, 
except  for  Ceinada  and  Italy,  Income  elasticities  for  freight  con- 
sunption  clustered  in  the  range  0.75-0.90,  except  for  Canada  and 
France;  the  former  was  appreciably  greater  and  the  latter  was  appre¬ 
ciably  less.  Die  very  large  Canadian  elasticity  (2,197)  was  quite 
unexpected,  but  the  relatively  large  negative  trend  associated  with 
it  may  add  further  support  to  the  existence  of  an  even  larger  income 
effect  for  motor  carrier  transport  in  Canada.  Conversely,  the  extremely 
small  freight  elasticity  for  France  (.0103)  was  taken  to  be  zero  or 
possibly  even  negative.  If  negative,  then  freight  service  by  rail 
would  be  considered  an  'inferior*  good.  Such  a  conclusion  would  not 
preclude,  nor  run  counter  to,  the  medium-sized  negative  trend  asso¬ 
ciated  with  French  freight  consumption. 


Simmary  and  Interpretations 


Ihe  analyses  centered  upon  railroad  services  and  functions 
were  fitted  to  1948-50  data  for  five  nations.  The  nations  represented 
a  broad  spectrum  of  economic  developments  With  exceptions,  the  fits 
of  the  functions  to  the  data  were  quite  good.  Time  trends  were  found 
to  be  generally  small,  and  price  and  income  effects  could  be  identified 
and  interpreted,  although  interpretations  were  rarely  simple  ones. 

It  would  appear  that  this  approach  is  a  useful  one  for  data  of  this 
type. 


Regional  and  Community  Studies  in  the  United  States 


Previous  sections  of  this  chapter  have  reviewed  comparisons 
among  nations  based  upon  cross-section  information  and  comparisons 
within  Eind  between  nations  based  upon  time-series  data  for  nations. 
Studies  (References  8,  l6,  and  l8)  of  the  demand  for  freight  transpor¬ 
tation  in  the  United  States  will  now  be  reviewed.  Reference  is  to 
motor  carriers  and  railroads  during  the  1956-60  interval.  The  order 
of  analysis  was  (l)  aggregate  transport  demand  for  ail  commodities  in 
the  continental  United  States.  (2)  transport  demand  for  the  nation 
by  individual  commodities,  (3)  regional  transport  demand  for  all 
commodities,  and  (4)  individual  region-commodity  combinations*  Thus, 
the  studies  proceeded  from  greater  to  lesser  levels  of  aggregation. 
This  is  true  for  these  studies  as  well  as  for  all  the  studies  re-, 
viewed  in  this  chapter. 
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Data 


Data  problexas  in  transportation  research  are  great.  While  in 
the  United  States,  due  to  governmental  regulation,  there  is  a  rich 
and  abundant  stock  of  railroad  infomation  which  pertains  to  eiljaost 
all  railroad  movements,  ccmmodity  origin  data  are  reported  in  terms  of 
a  particular  regionalization  of  the  nation  (9  regions)  or  in  tezms  of 
state-to>state  movements.  On  the  other  hand,  motor  carriers  have  not 
been  regulated  for  as  long  a  period  or  as  completely  as  have  the  rail¬ 
roads.  Dierefore,  there  is  less  available  Information  and  it  is  less 
complete  than  for  the  railroads.  Purthexinore,  motor  carrier  commodity 
origins  are  reported  in  terms  of  a  different  set  of  regions  than  are 
the  railroads  (9  different  regions,  except  for  New  England).  Ihe 
disparity  between  ccnmodity  information  for  these  two  modes  is  clear 
when  one  realizes  that  over  95  percent  of  all  commodity  movements  by 
rail  are  regulated  and  reported,  while  only  one-fourth  of  the  intercity 
ccnmodity  movements  for  motor  carriers  are  regulated  and  reported. 

Consequently,  in  order  to  ensure  comparability  it  was  necessary 
to  assemble  railroad  information  on  tons  originated  and  total  frei^t 
revenues  for  each  ccnmodity  from  the  state-to- state  waybill  series  and 
aggregate  these  into  the  nine  motor  carrier  regions.  The  commodity 
classifications  utilized  for  the  two  transport  modes  were  the  same, 
and  an  aggregate  classification  was  used  ccxnposed  of  five  classes: 

(l)  products  of  agriculture,  (2)  animals  and  products,  (3)  products 
of  mines,  (U)  products  of  forests,  and  (5)  manufactures  and  miscellaneous. 

From  the  data,  attanpts  were  made  to  construct  conqparable 
series  for  both  modes,  but  these  were  neither  conqposed  of  data  in  the 
desired  form  nor  were  they  strictly  comparable.  The  railroad  data 
were  from  a  1  percent  sample  of  a  well-defined  population;  the 
motor  carrier  data  were  from  an  enmeration  of  a  portion  of  the  motor 
carrier  population.  It  was  necessary  to  use  tons  rather  than  ton- 
miles  as  a  measure  of  output  because  of  limitations  on  the  motor 
carrier  data.  Revenue  per  ton  was  used  as  a  sxnrrogate  for  price  data, 
because  of  a  lack  of  actual  price  data. 


Analysis 


Given  9  regions,  5  coomodity  groups,  and  5  years  of  comparable 
data,  there  was  a  toteil  of  225  observations  available  for  analysis.  The 
most  aggregative  level  of  aneilysis  treated  all  observations  together  in 
a  national  demand  model.  The  second  level  of  analysis  treated  each  of 
the  5  commodity  groups  individually  on  a  national  basis.  Ilhe  225 
observations  were  divided  into  5  groups  of  45  observations  each.  Since 
there  were  9  regions,  the  225  observations  were  divided  into  9  gro\q)s 
of  25  observations  each  for  the  regional  analysis.  Lastly,  the  most 
disaggregative  level  of  anailysis  treated  each  camodity  and  region  com¬ 
bination.  Since  there  were  9  regions  and  5  commodity  groups,  there 
was  a  total  of  45  combinations,  where  each  combination  was  composed 
of  5  observations,  the  years  1956-1960. 
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niirty-three  separate  eqxiations  or  models  were  estimated  and, 
as  was  the  case  with  the  cross-section  studies,  it  is  not  practicable 
to  review  al!l  of  these  results.  It  may  be  mentioned,  however,  that  the 
models  could  be  gro\q>ed  into  two  classes.  Certain  model|^took  the 
fona  of  sinqple  demand  expressions;  the  qtiantity  of  the  1  mode  tlmt  is 
used  is  a  function  of  the  price  for  that  mode  and  the  price  of  j  mode. 
Here,  the  parameters  estimated  were  price  elasticities.  Other  models 
related  quantity  and  price  ratios;  for  example,  the  ratio  of  motor 
carrier  use  to  railroad  uses  is  a  function  of  their  prices.  Here,  the 
estimated  parameters  were  elasticities  of  inteimodal  substitution. 


Results  and  Interpretations 

Again,  all  that  can  be  given  here  are  some  examples  of  results 
and  interpretations.  One  model  estimated  was  (Reference  6,  p.  51) 

I'Og  (^■/Or)  =  a  +  b  Log  (Rtt/Pr) 

where  the  subscripts  m  and  r  referred  to  motor  carriers  and  railroads 
and  Q  and  P  referred  to  quantities  and  prices  respectively.  IBie  notion 
here  was  that  the  relative  share  of  the  freight  market  was  a  function 
of  relative  prices.  When  fitted  to  nation  freight  data,  the  results 
shown  in  Table  8  were  obtained. 


TABLE  8 

RESULTS  FROM  NATIONAL  TRANSPORTATION  DEJilAND  ESTIMATION 


Item  Estimate 


Intercept  (a) 

1.09 

Elasticity  of  Siibstitution  (b) 

-1.87 

Standard  Error  of  b 

.14 

Coefficient  of  Determination  (R  ) 

.43 

These  results  ^Table  8)  were  not  felt  to  be  of  special  significance# 
Uie  goodness  of  fit  (r'^)  was  not  hi^,  and  the  empirical  experience  would 
indicate  that  the  elasticity  of  substitution  was  too  hi^.  Furthermore, 
when  the  model  was  rewritten  in  a  manner  to  highlight  regional  and  commodity 
effects,  more  reasonable  results  were  obtained  (Reference  l8,  p.53)»  A 
higher  coefficient  of  detemination  (R*^)  was  achieved,  and  the  elasticity 
of  substitution  was  approximately  one  (Table  9), 
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TABLE  9 


BCME  RESULTS  fRCM  DISAGOtEGATED  TRANSHStTATION 
DEMAND  ESTIMATION^ 


Item  Estimate 

Intercept  (a)  1,5^ 

Elasticity  of  Sutstitiition  (b)  -.92 

Standard  Error  of  b  ,13 

p 

Coefficient  of  Detennination  (R  )  ,85 


^Coefficients  were  also  obtained  for  dimmy  variables  representing 
regions,  connodities,  and  years. 


Work  with  this  and  alternate  forms  of  these  models  indicated 
the  importance  of  the  conmodity  variability  component  in  national 
transportation  demand  and  differences  among  coomodities  in  sensitivity 
to  price  variations,  Uie  study  of  transportation  demand  by  regions 
indicated  elastic  responses  in  some  and  inelastic  responses  in  others. 
Work  at  the  least  aggregated  level  of  analysis  revealed  much  variability 
in  responses  among  region-commodity  combinations.  Ihe  latter  is 
exactly  what  would  be  expected,  for  the  national  danand  picture  is 
known  to  be  composed  of  many  regional-commodity  sets  of  rvslationships 
acting  in  a  highly  varied  manner. 


Sxaaaary  Comments 


In  this  chapter  we  have  preserj^ed  results  of  certain  of  our 
studies  of  aggregate  measures  made  ui)on  transportation.  Nearly  all 
of  these  measvires  were  ''economic”  in  the  sense  of  being  measures  of 
"economic  things".  Some  of  the  measures  were  "economic"  in  the  more 
limited  sense  of  measures  of  economic  relationships. 

Hie  work  discussed  thus  far  provides  a  yes  answer  to  questions 
of  whether  or  not  models  of  conceptual  interest  can  be  fitted  to 
transport  data.  Whether  or  not  the  models  prove  useful  for  forecasting 
depends  upon  the  particular  forecasting  situation,  of  course. 
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in.  FORECASTING  STRUCTORAL  CHARACTEailSTICS 


Networlcs  possess  many  different  structural  properties.  At  the 
most  siji^e  level  of  conceptualization,  a  network  may  he  thou^t  of  as 
ccmposed  of  points  and  lines.  At  hi^er  levels  of  complexity,  the  notions 
of  distance,  capacity,  angles  hetweMi  lines,  and  so  on,  may  he  intro¬ 
duced.  It  is  possible  also  to  consider  networks  at  different  levels 
of  aggregation,  either  hy  (l)  using  measures  of  the  characteristics  of 
entire  networks  or  (2)  using  measures  of  relationships  among  links  (or 
nodes)  on  the  network.  Uiere  is  another  alternative  of  course.  It  is 
to  study  individual  links  (or  nodes)  without  reference  to  other  links 
(or  nodes)  on  the  system.  The  latter  is  not  a  viahle  alternate  at  the 
level  of  generalization  at  which  the  present  research  takes  place. 

Figure  1  shows  the  interned  airline  routes  of  Guatemala, and 
Figure  2  shows  the  internal  airline  routes  of  Honduras.  The  maps  are 
minimal  in  the  sense  that  they  show  only  the  existence  (  or  non-existence) 
of  routes,  and  the  location  of  teiminals.  !Ilie  maps  also  show  the 
lengths  of  routes,  of  course,  hut  map  information  on  length  of  route 
is  somewhat  difficult  to  interpret.  Length  of  route  in  ccmhination 
with  information  on  amount  hauled  over  the  route  provides  a  metric 
of  the  tie  between  two  places  on  the  network.  Information  is  not 
available  on  simple  maps,  such  as  the  sample  map,  to  indicate  amount 
of  traffic,  so  length  of  route  does  not  show  the  strength  of  ties  be¬ 
tween  places.  Also,  it  is  widely  known  that  cost  of  transportation 
is  a  nonlinear  function  of  distance.  Put  another  way,  the  cost  of 
moving  the  first  mile  on  a  trip  between  two  points  is  not  the  same  as 
the  cost  of  moving  the  second  mile.  It  is  generally  much  more  costly 
to  move  the  first  mile  than  it  is  to  move  each  succeeding  mile.  Still 
a  further  observation  might  be  made  regarding  the  distance  measure. 

In  the  case  of  air  transportation,  the  disteuice  between  two  points  may 
be  variable,  it  depends  upon  the  choice  of  route  by  the  pilot.  In 
the  case  of  North  Atlantic  ro\ites,  for  instance,  flight  path  distances 
may  vary  greatly  from  day  to  day.  For  similar  reasons  the  time  re¬ 
quired  to  travel  between  two  points  is  a  variable,  eind  the  cost  of  moving 
between  two  points  is  a  variable.  The  interpretation  of  distance  on 
a  map,  then,  would  seem  to  req\iire  transforming  the  distance  onto  some 
sort  of  a  linear  scale.  The  transformation  would  depend  upon  whether 
or  not  distance  is  given  a  cost  interpretation,  and  it  might  require 
regarding  the  distance  as  a  variable  and  recording  its  mean  and  variance. 

nie  more  elementary  consideration  of  the  existence  or  non¬ 
existence  of  terminals  and  the  existence  or  nonexistence  of  routes 
seems  somewhat  easier  to  interpret  them  the  questions  of  route  length. 
Albeit,  terminals  may  vary  in  facilities  as  may  rovrtes.  For  the  moment, 
attention  will  be  given  to  questions  of  the  layout  of  transportation 
networks  viewed  in  the  simplest  manner  ~  the  existence  of  terminais 
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Figure  1:  Internal  Airline  Routes  of  Guatemala 


Figure  2:  Internal  Airline  Routes  of  Honduras 
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axid  the  existence  or  nonexistence  of  routes. 

Surely  any  analysts  would  agree  that  the  saiQile  networks  (Figures  1 
and  2)  differ  in  layout.  It  is  equally  clear  that  different  analysts 
would  have  difficulty  comaunicating  just  what  they  laeant  by  statements 
that  the  systems  differ.  These  statanents  revecd  one  of  the  central 
problems  in  this  reseaarch;  that  is,  the  establishment  of  meaningful 
ways  to  codify  structures  of  transportation  networks.  The  remainder 
of  this  chapter  details  the  work  which  was  undertaken  in  this  general 
area. 


Graph  Theoretic  Concepts 

The  purpose  of  this  section  is  to  provide  a  brief  introduction 
to  some  of  the  graph-theoretic  c(mcepts  which  will  be  utilized  in  the 
subsequent  empirical  studies.  The  reader  who  has  some  acquaintance  with 
this  topic,  derived  perhaps  from  a  study  of  Berge (Reference  21),  Ore 
(Reference  22) ,  or  Seshu  and  Reed  (Reference  23)  ,may  wish  to  proceed 
directly  to  the  material  dealing  with  the  substantive  investigations 
of  network  structure. 


Primitive  Notions 


Basically,  a  linear  graph  is  a  collection,  or  set,  of  line  seg¬ 
ments  and  Joints,  The  line  segments  are  coomonly  known  as  edges ,  while 
the  points  which  form  the  other  basic  element  of  the  graph  are  normally 
know  as  vertices.  The  two  primitive  concepts,  edges  and  vertices,  are 
combined  to  form  what  is  cedled  a  linear  graph.  Collections  or  sets 
of  this  nature  may  be  either  finite  or  infinite  depending  upon  the  num¬ 
ber  of  elements  that  they  contain.  In  the  following  discussion  only 
finite  graphs  will  be  considered. 


Classification 


Graphs  may  be  broken  down  into  several  different  classes.  One 
of  the  most  basic  breakdowns  is  that  of  nonoriented  and  oriented  graphs 
(See  Figure  3). 


(a) 

Non-Orient ed  Graph 


Fig\u*e  3 


Cb) 

Oriented  Graph 
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In  nonoriented  grajdis,  the  only  operational  concept  is  that  of 
incidence  ;  the  notion  that  the  end  points  of  one  or  more  edges  may 
coincide  with  a  vertex  (that  is,  the  edges  are  incident  upon  that  vertex). 
The  oriented,  or  directed,  grajii  on  the  other  hand  also  rect^izes  a 
sense  of  direction  of  the  edges.  In  this  case  it  is  recognized  that  an 
edge  is  incident  upon  two  vertices  and  also  that  a  sense  of  direction 
is  implied  from  one  vertex  to  the  other.  So  far,  operations  have 
"been  disc\issed  in  terms  of  a  very  simple  set  of  concepts.  Measurement 
has  dealt  only  with  hinary  relations  such  as  existence  or  nonexistence, 
and  incidence  or  nonincidence,  with  no  introduction  of  notions  of 
metrization.  It  is  possible  to  introduce  into  the  system  certain  metrics 
so  that  a  specific  ntmerical  value  is  associated  with  each  edge  and/ 
or  vertex.  For  instance,  distances  between  urban  centers  on  a  trans¬ 
port  netwOTk  might  be  associated  with  the  edges  of  the  .-ppaph  of  that 
network.  Each  edge  in  the  grai^  would  then  have  associated  with  it  a 
specific  numerical  value,  or  weight,  and  the  resulting  graph  would  be 
a  weighted  graph,  or  net.  (See  the  discussion  by  Hohn,  Seshu,  and 
Aufenkamp  (Reference  24).)  In  an  even  more  complex  case,  it  would  be 
possible  to  assign  weights  to  the  nodes  or  vertices  of  the  graph,  an 
well  as  the  edges.  When  this  is  done,  the  system's  configuration  more 
closely  resembles  that  of  a  stochastic  process  (see  Bartlett,  Reference 
25),  rather  than  a  linear  graph. 

A  third  important  classification  deals  with  mapping  the  graph 
onto  the  plane,  A  graph  which  can  be  mapped  onto  a  plane,  such  that 
no  two  edges  have  a  point  in  coranon  that  is  not  a  vertex,  is  known  as 
a  planar  graph.  Graphs  which  cannot  be  sc  mapped  are  known  as  non- 
planar  graphsT  Ihis  distinction  is  important  in  the  study  of  transpor¬ 
tation  networks  due  to  the  problem  of  involuntary  intersections;  that 
is,  intersections  created  by  the  physical  crossing  of  two  or  more 
ro\ites  connecting  nodes  in  the  system.  In  general,  planar  graphs  corre¬ 
spond  to  those  systems  which  may  be  constructed  without  creating  invol¬ 
untary  intersections,  Elnpirical  examination  of  transportation  systems 
indicates  that  surface  routes,  rail  and  highway,  tend  to  have  the 
characteristics  of  planar  graphs,  while  airline  routes  appear  more  like 
non-planar  graphs. 

If  the  transportation  network  is  regarded  as  a  graph,  it  becemes 
useful  to  develop  certain  sumnary  indices  which  relate  to  the  structure 
of  the  network.  Seme  information  has  been  lost  in  passing  from  the 
actual  system  to  its  graph  or  matrix  representation,  and  further  loss 
lecemes  necessary  in  order  to  assist  in  information  handling.  The 
problem  here  is  similar  to  one  encountered  in  most  forms  of  statistics 
where  data  has  been  gathered  in  the  form  of  a  frequency  distribution. 

In  order  to  obtain  a  readily  comprehensible  summary  index  of  the  dis¬ 
tribution,  and  in  order  to  be  able  to  distinguish  between  different 
distributions,  certain  summary  measures  such  as  mean,  variance,  etc,, 
have  been  developed,  The  problem  at  hand  in  the  present  case  is  to 
compile  a  set  of  analogous  measures  pertairing  to  the  structure  of 
the  graph. 
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lacBoarghiams 

It  is  easy  to  see  that  a  given  linear  graph  may  be  structtired 
in  several  dxfferent  ways,  for  example,  relabeling  the  nodes  and  edges. 

In  sucdi  a  case  it  would  be  useful  to  have  sane  precise  way  of  recogniz¬ 
ing  that  the  graphs  are  really  identical  even  thou^  they  may  be  arrang¬ 
ed  differently  and  that  their  vertices  and  edges  may  bear  different 
labels.  Ibis  situation  represents  what  is  known  mathematically  as  an 
isomorphism.  !IVo  graphs,  say  G  and  G^jcan  be  said  to  be  ijcmorphic 
1?  -there  is  a  one-to-one  corresp<xidence  betvreen  the  vertices  of  G  and 
G^,  Mid  a  one-to-one  corresx>ondence  between  the  edges  of  G  and  G*,  which 
preserves  the  incidence  relationships.  (See  Figure  4.) 
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Figure  4;  Two  Isomorphic  Graphs 


Cgmectivity 

It  is  possible  to  count  the  number  of  edges  that  are  incident 
at  a  particvilar  vertex,  and  this  number  is  known  as  the  degree  of  the 
vertex.  A  path  is  a  collection  of  vertices  and  a  subset  of  their 
incident  edges  such  that  the  degree  of  each  internal  vertex  is  two 
and  the  degree  of  each  terminal  vertex  is  one.  A  circuit  is  a  closed 
path  where  all  vertices  are  of  degree  two. 

Now,  using  these  concepts, the  very  important  notion  of  connec¬ 
tivity  may  be  introduced.  A  graph  G  is  said  to  be  connected  if  there 
exists  a  path  between  any  pair  of  vertices  in  the  graph.  HTus,  from 
an  intuitive  standpoint,  we  may  feel  that  a  graph  is  connected  if  it 
is  in  "one  piece”.  Sup^se  the  graph  is  not  connected;  then  this  means 
•  f  that  there  are  pairs  of  points  or  vertices  in  the  system  which  cannot 
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be  Joined  in  a  path.  The  graph  is  then  mconnected  and  it  is  intui¬ 
tively  obvious  that  it  must  consist  of  a  number  of  "coimected  pieces", 
Ihese  "pieces"  of  the  larger  graph  are  subgraphs  and  are  known  as 
maximally  connected  subgraphs.  Ihe  number  of  these  maximal  connected 
subgraphs  in  any  finite  graph,  G,  is  denoted  by  p  and,  as  a  consequence, 
p=l  for  a  graph  G  if,  and  only  if,  G  is  connected.  Oils  count  of  the 
nimibei’  of  maximal,  connected  subgraphs  present  represents  one  of  the 
simplest  descriptions  of  the  structure  of  a  graph  and  provides  an  index 
that  remains  invariant  under  all  isomorphic  transfomatlons.  ihe 
technical  name  for  this  index  is  the  zeroth  Betti  number. 


Trees  and  Fundamental  Circuits 


One  notion  comaonly  encountered  in  graph  theory  is  that  of  a 
tree.  A  tree  is  defined  as  a  connected  subgraph  of  a  connected  graph 
which  contains  all  the  vertices  of  the  graph  but  which  does  not 
contain  any  circuits.  A  given  finite  graph  is  a  tree  if,  and  only  if  , 
there  exists  exactly  one  path  between  any  two  vertices  of  the  graph. 

It  can  be  shown  that  if  a  tree  contains  v  vertices,  it  contains  v-1 
edges.  For  instance,  in  a  transport  system  the  smallest  number  of 
routes  that  will  ccn^letely  c(»mect  five  urban  places  is  four. 
Conversely,  be  shown  that  the  maxisnmi  number  of  routes  between 

n  points  is  '  ;  that  is,  ten  transport  foutes  woxild  be  required 

to  connect  completely  a  system  containing  five  urban  plfices.  (See 
Figure  5.) 


Fundamental  Circuits 


For  a  given  graph  and  a  given  tree  defined  on  the  graph, 
elements  of  the  graph  may  be  divided  into  two  classes,  branches  and 
cords.  Branches  are  those  elements  which  are  contained  in  the  tree 
whereas  cords  6u:e  elements  that  are  not  in  the  tree  and  are  there¬ 
fore  in  its  complement  (or  co-tree). It  also  may  be  shown  that  a  connect¬ 
ed  graph  consisting  of  v  vertices  and  e  edges  contains  v-1  branches 
and  e-v+1  cords.  If  one  cord  should  be  added  to  a  tree,  a  graph  is 
cbtaxncd  that  as  no  long^x  ct  vxcc.  xnc  ooru  cmo  'one  p^ath  an  the  tree 
between  the  vertices  of  the  cord  constitutes  a  circuit.  This  is, 
however,  a  \mique  circuit  and  the  only  circuit  of  the  resulting  graph. 

The  fundamental  circuits  of  a  connected  graph  G  for  a  tree  T 
are  the  e-v+1  circuits  consisting  of  each  cord  and  its  \mique  tree 
path.  In  a  more  general  sense,  this  number  is  given  try  |Jt=e-v+p, 
where  v  is  the  number  of  vertices,  e  the  number  of  edges,  and  p  the 
number  of  maximal  connected  subgraphs,  ihe  index  m>  is  invariant  under 
isomorphic  transfozmations  and  is  known  as  nullity,  cyclomatic 
number,  or  first  Betti  number. 
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(a) 

Minimal  Network  (Tree) 
(v  s  5,  e  s  4) 


A  B 


D 

(b) 

Completely  Connected  Network 
(v  =  5,  e  =  10) 

Figure  5 


146 


Matrix  Representation 

It  has  been  observed  that  the  most  fundamental  characteristic 
of  a  graph  Is  the  relationship  between  the  edges  and  the  vertices.  Ihe 
graph  Is  ccopletely  specified  as  soon  as  It  Is  known  which  edges  are 
Incident  upon  which  vertices.  Such  a  specification  can  be  made  thrcugh 
a  simple  diagram,  such  as  has  been  used  In  the  preceding  discussion, 
or  even  more  compactly  by  means  of  a  matrix. 

Ihe  matrix  representation  idilch  has  proven  most  useful  In  many, 
types  of  network  analysis  Is  known  as  the  connection  matrix.  In  a 
grajh  with  v  vertices,  the  connection  matrix  Is  a  v  x  v  matrix  where 
each  row  and  each  column  correspond  to  a  specific  vertex  In  the  graph. 
Qhe  elements  of  the  matrix  are  z^o  or  one  depending  upon  the  existence 
or  nonexistence  of  an  edge  directly  connecting  the  two  vertices.  Qhat 
Is,  Cj^j=l  If  there  Is  an  edge  which  Is  Incident  at  one  end  upon  vertex 
1  and  at  the  other  upon  vertex  J.  Ihe  element  Cj^j=0  If  no  such  direct 
connection  exists.  Ihe  elements  upon  the  principal  diagonal,  the 
which  represent  Internal  or  self  linkages  are  usually  defined  as  either 
all  zeros  or  all  ones,  depending  upon  the  structure  of  the  problem  being 
Investigated.  (See  Figure  6.) 

In  a  system  that  Is  not  ccm^letely  connected,  there  will  be  many 
places  between  which  no  direct  link  will  exist.  However,  It  Is  quite 
possible  that  these  places  may  be  reached  by  moving  through  one  or 
more  Intermediate  vertices,  that  Is,  vlt  some  Indirect  route.  Given  the 
connection  matrix.  It  Is  possible  to  determine  how  many  Indirect  routes 
of  any  given  length  connect  any  two  vertices  In  the  system.  For 
Instance,  If  It  Is  desired  to  know  the  number  of  two-link  routes  that 
exist  between  two  vertices  in  the  system  ay  1  and  j,  we  may  do  so 
by  finding  the  square  of  the  original  ccn'cctlcn  matrix.  Ihe  ij-th 
element  of  the  matrix  is  then  interpreted  as  the  number  of  two- 
link  routes  connecting  vertex  1  and  vertex  j.  (See  Figure  7*)  A 
similar  procedxire  is  followed  for  routes  with  greater  numbers  of  links. 
c5,  for  instance,  will  indicate  how  many  five-link  routes  exist 
between  each  vertex  and  every  other  vertex.  Ilhe  entries  in  these 
cells,  however,  contain  an  unknown  number  of  redundant  paths  since 
many  paths  have  been  counted  which  contain  edges  with  a  multiplicity 
greater  than  one.  However,  it  is  possible  to  calculate  the  number 
of  non-redundant  paths  (that  Is,  those  containing  only  edges  of 
city  one)  of  any  given  length  by  means  of  a  relatively  complex  mathemati 
cal  manipulation.  (See  the  work  by  Ross  and  Harary,  Reference  26.) 

We  may  imagine  two  vertices  in  the  system  which  are  quite 
"remote”  from  each  other.  Ihat  is,  there  are  no  direct  links  between 
them,  no  two-stage,  no  three-stage,  no  four-stage,  etc.,  links.  In  this 
case,  the  corresponding  element  of  successive  powers  of  the  connection 
matrix  will  remain  at  zero.  Eventually,  the  entry  in  this  cell  will 
change  from  zero  to  some  non-zero  number  if  the  graph  Is  connected.  If 
the  two  vertices  are  the  "most  remote"  on  the  system,  it  can  be  seen 
that  the  matrix  will  now  contain  no  zeros.  The  power  to  which  the 
original  connection  matrix  has  been  raised  to  obtain  this  situation, 
is  known  as  the  solution  time  of  the  network,  or  the  diameter  of  the 
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Figure  7;  Square  of  the  Matrix  C 
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system.  Put  another  way,  the  diameter  or  solution  time  of  the  system 
may  he  found  by  listing  the  number  of  links  in  the  shortest  path  between 
each  pair  of  nodes  and  selecting  the  largest  of  these  numbers. 


Ihe  Development  of  Structural  Indices 

If  the  transportation  network  is  viewed  as  a  graj^,  it  becomes 
useful  to  develop  certain  summary  indices  \diich  relate  to  the  structure 
of  the  network.  A  certain  amount  of  information  has  been  lost  in  passing 
frcmi  the  actual  system  to  its  graih  or  matrix  representation,  and 
further  loss  becomes  necessary  in  order  to  assist  in  information  hand¬ 
ling.  19ie  problem  here  is  similar  to  one  encountered  in  most  forms 
of  statistics  where  data  has  been  gathered  in  the  form  of  a  frequency 
distribution.  In  order  to  obtain  a  readily  coo^ehensible  sunsnary  index 
of  the  distribution,  and  in  order  to  be  able  to  distinguish  between 
different  distributions,  certain  sunmary  measures  such  as  mean,  variance, 
etc.,  have  been  developed.  Hie  problem  at  hand  in  the  present  case  is 
to  compile  a  set  of  similar  measures  pertaining  to  the  structure  of  the 
graiAi. 


Hie  Betti  Numbers 

In  the  study  of  the  theory  of  linear  graphs,  mathematicians  have 
developed  certain  Indices  which  are  regarded  as  invariant;  that  is,  their 
values  are  not  changed  by  isomor^lc  transformations  of  the  gra;^.  Per¬ 
haps  the  easiest  to  comprehend  of  these  are  the  0'*'^  Betti  numbers,  which 
is  a  count  of  the  number  of  disconnected  parts  of  the  network,  and  the 
I®"**  Betti  number,  or  cyclomatic  number  as  it  is  comnonly  known,  which 
presents  a  somewhat  more  sophisticated  index  pertaining  to  network 
structure.  If  one  cord  is  added  to  a  tree,  a  graph  is  obtained  with  a 
unique  single  circuit  known  as  a  fundamental  circuit.  If  this  opera¬ 
tion  of  cord  addition  is  repeated  for  a  gra]^  with  v  vertices,  there 
are  e-v+1  circuits  consisting  of  each  cord  and  its  unique  tree  path. 

In  a  more  general  fashion,  if  the  grajh  is  not  connected,  it  consists 
of  maximal  connected  subgrajAis.  A  tree  can  be  defined  for  each  sub¬ 
graph  and  a  set  of  these  trees  is  called  a  forest  of  G.  It  follows 
that  there  are  v-p  elements  in  the  forest  and  e-v+p  elements  not  in  the 
forest.  Hiis  number  is  |Ji,  the  cyclomatic  number,  and  it  is  a  count 
of  the  number  of  fundamental  circuits  existing  in  the  graph.  In  one 
sense,  the  cyclomatic  number  may  be  considered  to  be  a  measiu'e  of 
redundancy  in  the  system.  Since  it  was  noted  t’lat  a  tree  provides 
one,  and  only  one,  path  between  any  pair  of  points,  it  can  be  seen  that 
additional  paths  provided  by  circuits  are  redundant  and  that  the  total 
number  of  circuits  present  in  the  graph  may  be  considered  as  a  crude 
measure  of  the  redundancy  of  the  system.  As  may  be  seen  from  the 
structure  of  this  index,  any  tree  or  disconnected  graph  has  a  cyclomatic 
number  of  0,  whereas  as  the  graph  moves  closer  and  closer  to  the  com¬ 
pletely  connected  state,  the  cyclomatic  number  Increases.  (See  Figure 
8.)  Applying  this  notion  to  the  structure  of  transportation  networks, 
it  might  be  hypothesized  that  the  magnitude  of  the  cyclomatic  number 
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which  characterizes  a  natloo's  transpcntatlon  system  would  hear  a  direct 
relationship  to  the  level  of  social  and  economic  development  of  the 
nation. 


Pie  Alpha  and  Gaama  Indices 

yhile  the  cyclomatic  number  does  provide  an  index  of  networlc 
structure  that  is  invariant  under  isomorphic  transfoimations,  it  does 
not  provide  a  readily  intelligible  measure  of  structure  since  it  is 
bounded  below  by  zero  and  bounded  above  only  by  some  number  which  is 
a  functlcm  of  the  mi&ber  of  nodes  in  the  system.  Ideally,  it  would  be 
desirable  to  transform  this  index  in  such  a  manner  that  has  common 
upper  and  lower  bounds  for  all  networks.  Pro  additional  measures  are 
suggested  which  have  this  pr<^erty,  and  which  edso  remain  invariant 
under  Isomorphic  transf oematlons .  They  will  be  defined  as  the  alpha 
and  ganma  indices. 

Pie  ganna  index  for  a  planar  network  with  e  edges  and  v  vertices 
is  defined  as  or  =  ^  .  Piis  is  the  ratio  of  the  observed  nimber  of 

edges,  e,  to  the  meuaSw  number  of  edges  in  a  planar  graph.  Obviously, 
this  index  would  have  a  slightly  different  structure  where  non«planar 
graphs  were  under  consideration  (for  example,  airline  routes).  In  any 
network,  the  maximuo.  nuniber  of  direct  connections  is  strictly  a  function 
of  the  number  of  nodes  present.  For  a  given  network,  as  the  mmiber  of 
edges  in  the  system  decireases,  the  ganma  index  will  approach  one  as  an 
iQ)per  limit.  It  appears  to  be  most  convenient  to  express  this  index  as 
a  percentage  and  it  is  therefore  multiplied  by  100,  giving  it  a  range 
from  0  to  100,  and  it  is  then  interpreted  as  percent  connected. 

Pie  alpha  index  is  somewhat  similar,  consisting  of  the  ratio 
of  the  observed  number  of  fundamental  circuits  to  the  maximurt  nimber  of 
fundamental  circuits  which  may  exist  in  the  system.  Pie  observed  nunber 
of  fundamental  circuits  is,  of  course,  the  cyclomatic  nimber.  Whereas 
the  maximim  nunber  of  fundamental  circuits  is  equal  to  the  nimber  of 
edges  present  in  a  completely  connected  planar  graph  minus  the  nunber 
of  edges  contained  in  the  ccD^lete  tree.  Pierefore,  for  a  planar  graph, 
the  alpha  index  will  have  the  form  cn  g.  Piis  index  is  also 
multiplied  by  100  to  give  it  a  range  frcm^O  to  100  and  an  interpretation 
as  percent  redundant. 

Pie  two  indices  provide  two  percentage  measures  of  the  structure 
of  a  network.  Pie  alpha  index  may  be  interpreted  as  a  percent  redundant 
with  a  tree  having  zero  redundancy  and  a  maximally  connected  network 
having  100  percent  redundancy.  Pie  gamma  index,  on  the  other  hand,  may 
be  interpreted  as  percent  connected  with  a  completely  unconnected  system 
having  a  zero  value  and  a  cooqiletely  connected  system  having  a  value  of 
100  percent. 

Pie  indices  which  have  been  suggested  here  are  far  from  exhaus¬ 
tive  and,  in  their  present  form,  are  far  from  adequate.  Perhaps  their- 
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aajor  deficiency,  together  with  that  incurred  in  the  general  use  of 
graph-theoretic  models,  is  the  lack  of  a  precise  statement  pertaining 
to  the  angular  structure  of  the  network,  Hie  work  by  Beckmann  (Reference 
27)  has  shewn  how  important  this  item  is  in  the  analysis  of  transporta¬ 
tion  systems.  However  the  incorporation  of  such  a  measxire  would  be 
extremely  difficult,  and  it  would  appear  wise  to  e\aluate  the  empirical 
perfoxmance  of  the  indices  proposed  here  before  embarking  \]pon  a  more 
sophisticated  analysis. 


Intemation  Comparisons  Of  Indices  Of 
Network  Structure 


The  previous  sections  have  discussed  how  the  structure  of  trans¬ 
portation  networks  may  be  viewed  from  a  rather  simple  mathematical 
point  of  view  and  have  presented  a  number  of  network  measures.  [Die 
measures  represent  succinct,  though  perhaps  unfamiliar,  ways  to  summarize 
the  strdcture  of  transportation  networks.  Ihe  present  section  reports 
the  use  of  regression  studies  of  these  measures  to  answer  the  question 
"Can  the  stnictures  of  transportation  systems  be  related  to  the  featxires 
of  the  areas  within  which  they  are  located?"  In  addition  to  the  measures 
developed  in  a  previous  chapter,  certain  other  measures  developed  for 
other  aspects  of  the  research  were  used  in  the  regression  studies, 

!Ihls  chapter  presents,  in  turn,  the  measurements  used  in  the  regression 
analyses,  the  cooqnxtations  made,  and  the  results  of  the  computations. 


Inputs:  The  Independent  Variables 


The  characteristics  of  areas  containing  transportation  networks 
were  represented  by  independent  or  explanatory  variables.  These  variables 
fen  into  two  categories  —  characteristics  of  areas  that  are  functions 
of  (l)  the  level  and  nature  of  economic,  social,  and  resource  development, 
and  (2)  the  physical  makeup  of  the  area,  Ihe  former  may  be  described 
as  development  variables  and  the  latter  as  physical  variables. 


Development  Variables 


Biere  is  widespread  agreement  that  transportation  development 
is  closely  correlated  with  the  level  of  national  development.  In  the 
preceding  section,  certain  ihdices  were  developed  to  measure  the  struc¬ 
ture  of  transportation  development.  Before  the  relation  between  the 
level  of  national  development  and  these  transportation  measures  can  be 
investigated,  measures  must  be  established  for  the  notion  "national 
development".  Much  work  has  been  done  on  the  notion  of  development, 
and  the  problem  of  measurement  has  been  solved  elsewhere  to  a  degree 
sufficient  for  the  current  needs  of  this  research.  The  ensuing  discus¬ 
sion  takes  advantage  of  a  detailed  statistical  analysis  of  the  develop¬ 
ment  measurement  question  by  Brian  J.L.  Berry  (Reference  28). 

Statistics  are  available  for  many  nations  treating  such  matters 
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as  the  value  of  foreign  trade,  value  of  imports,  development  of  energy- 
resources,  population  density,  and  newspaper  circulfeticm.  Berry 
found  seme  U3  such  measvires  for  seme  95  nations.  Any  cme  of  these 
mi^t  serve  as  an  index  of  development  in  an  approximate  fashion.  Ihe 
notion  is  tempting  that  if  one  measure  is  a  useful  one,  -two  or  more 
indices  should  he  better.  Howe-ver,  an  inspection  of  the  set  of  statistics 
will  reveal  quickly  that  various  measures  are  redundant  on  each  other. 
Berry *s  contribution  was  the  combining  of  these  statistics  in  a  manner 
that  established  the  basic  f suitors  that  underlie  variations  of  the 
statistics.  Hiese  results  were  obtained  from  a  direct  fsurbor  analysis 
of  a  table  showing  the  rsinks  of  95  countries  on  the  43  available 
statistical  mesisures.  Nations  were  ranked  from  1  to  95*  The  nation 
with  a  score  of  1  would  be  that  nation  with  the  highest  value.  Ihe 
nation  with  the  score  of  95  was  that  nation  with  the  lowest  -value. 

Berry's  work  revealed  that  four  basic  factors  underlie  -varia- 
ticr.s  in  meastures  of  degrees  of  development.  These  factors  were; 
te  Inological  level,  demographic  level,  income  and  external  relations 
level,  Sind  size  level.  Nearly  all  of  -the  variability  that  occurred 
in  the  43  statistics  could  be  attributed  to  the  first  -two  of  the 
factors.  The  remaining  two  factors  were  relatively  unimportant. 
Technological  level  takes  account  of  various  measures  that  may  be  made 
on  the  degree  of  irrbanization,  industriedization,  transportation, 
trade,  income,  and  the  like.  Demographic  level  reflects  largely  birth 
and  death  rates,  population  densities,  population  per  uric  of  cul¬ 
tivated  land,  and  similar  measures. 

In  sunmary,  development  may  be  measured  by  synthesizing  certain 
available  statistics.  The  study  of  these  statistics  has  revealed 
that  the  de-velopment  of  a  nation  may  be  measured  on  two  scales:  a 
technological  scale  and  a  demographic  scale.  Also,  it  wa;  noted 
that  althoi;igh  these  scales  were  derived  from  a  rather  complex  set  of 
operations  on  a  large  nmber  of  statistics,  it  is  possible  to  assign 
-values  appropriate  to  individual  areas  using  simple  infoimation  and 
a  relatively  simple  technique,  ihus,  a  relatively  simple  se”  of 
infoimation  will  yield  measures  of  development  interpretable  in 
terms  of  a  large  set  of  statistical  indices. 


Riysical  Variables 


!nie  nature  of  the  transportation  network  may  depend  upon  the 
physical  properties  of  the  area  it  traverses.  Three  physical 
properties  of  areas  were  measured  ~  size,  shape,  and  relief. 

Information  on  the  size  of  areas  is  a-vallable  in  a  number  of 
places,  The  data  used  here  were  taken  from  tables  in  the  Bicyclopedia 
Britannica  and  rounded  by  -two  decimal  points.  For  example,  Tunisia 
was  reported  as  48,332  square  miles  in  size.  This  was  recorded  as  483 
for  purposes  of  this  study. 
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K'^pe  was  Meatsiired  on  maps.  !Rie  longest  axis  across  each  nation 
was  detemined  by  inspection  and  a  perpendicular  constructed  across  the 
nation  at  the  midpoint  of  the  longest  axis.  The  measure  of  shape  was 
obtained  by  dividing  the  airline  distance  €Q.Qng  the  longest  axis  by  the 
airline  distance  along  the  perpendicular.  It  might  be  noted  that  this 
is  not  a  coa^letely  satisfactory  measure  of  shape.  A  nation  shaped 
like  a  rectangle  may  have  the  same  measure  of  shape  as  a  nation  shaped 
like  an  ellipse  if  the  ratio  is  the  same  for  the  two  areas.  It  might 
also  be  noted  that  this  measure  of  shape  is  a  pure  number  and,  so  far 
as  the  measure  is  concerned,  is  independent  of  size. 

As  is  true  of  shape,  there  is  no  entirely  satisfactory  measure  of 
the  relief  of  areas.  Ihe  measure  used  here  was  constructed  in  an  ad  hoc 
manner  and  proved  to  be  suitable  to  the  study.  Three  lines  were  drawn 
at  random  across  each  area  of  study,  and  the  airline  length  of  each 
line  was  measured.  The  distance  along  eetch  route  was  also  measured 
along  the  surface  using  profiles  in  the  Times  Atlas.  These  surface  routes, 
of  course,  were  greater  them  or  equal  to  tfee  airline  distances.  The 
airline  route  was  taken  to  be  100  percent  emd  the  surfeuse  route  a 
percentage  larger  than  100  percent.  For  each  country,  the  "percent 
larger"  sums  were  added  and  divided  by  three,  and  the  resulting  vadue 
was  used  to  express  the  relief  of  the  area  of  study. 


The  Data 


Transportation  networks  within  25  nations  were  selected  for 
anailysis  and  values  of  the  5  independent  variables  described  above 
were  computed  for  each  nation.  Table  10  presents  the  list  of  nations 
studied  and  the  values  of  the  independeit  variables.  Preliminary  investi¬ 
gation  of  the  sizes  of  areas  and  the  characteristics  of  their  transpor¬ 
tation  systems  revealed  existence  of  nonlinear  relationships.  Before 
cco^utations  were  made,  the  raw  data  on  size  were  converted  into  natural 
logarithms.  Table  11  displays  the  associations  among  the  independent 
variables  in  terns  of  the  correlation  coefficients  between  variables 
taken  two  at  a  time. 


The  Dependent  Variables 


The  rationale  underlying  this  stu(^  is  that  transportation  struc¬ 
ture  is  dependent  upon  the  characteristics  of  the  area  containing  the 
network.  The  characteristics  of  areas  have  been  simmarized  in  terms 
of  the  independent  variables  just  discussed.  The  dependent  variables  to 
be  discussed  now  are  those  measures  of  transportation  that  are  pertinent 
to  the  notion  of  transportation  structiire.  These  measures  fall  into 
two  categories:  (l)  the  measures  based  on  graph-theoretic  considerations 
and  (2)  measures  based  on  certain  other  work. 
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OABLE  10 


OBSERVED  VALUES  OF  HlDEFEinXRT  VARIABLES 


Techno- 

Demo- 

logical* 

graphic*  Size**  Shape  Relief 

Develop- 

Level 

Bent 

1.  Tunisia 

351 

32 

4.683 

2.677 

5.51 

2.  Ceylon 

323 

14 

4.403 

2.510 

3.54 

3.  Qiana 

355 

15 

4.962 

2.506 

2.83 

k.  Bolivia 

370 

18 

5.627 

2.135 

20.00 

5.  Iraq 

344 

25 

5.234 

2.376 

2.21 

6.  Nigeria 

394 

0 

5.530 

2.164 

3.60 

7.  Sudan 

410 

6 

5.985 

2.093 

4.48 

8.  Thailand 

400 

9 

5.297 

2.245 

5.41 

9.  France 

125 

38 

5.327 

1.468 

12.04 

10.  Mexico 

222 

19 

5.881 

2.422 

20.96 

11.  Yu'joslavia 

241 

16 

4.994- 

-  :2.553 

23.25 

12.  Swfden 

154 

55 

5.239 

2.872 

8.34 

13.  Poland 

182 

25 

5.080 

2.155 

3.15 

lU.  Czechoslovakia 

159 

38 

4.693 

2.706 

13.93 

13.  Hungary 

221 

29 

4.555 

2.521 

5.94 

16.  Bulgaria 

279 

47 

4.631 

2.438 

12.97 

17.  Finland 

202 

46 

5.114 

2.7^ 

0.35 

18.  Angola 

438 

26 

5.682 

I.8O9 

1.42 

19.  Algeria 

323 

26 

5.963 

1.230 

1.52 

20.  Cuba 

256 

37 

4.645 

2.979 

12.78 

21.  Rumania 

258 

23 

4.962 

2.135 

25.01 

22.  Malaya 

256 

17 

4.705 

2.159 

19.51 

23.  Iran 

372 

12 

5.803 

2.422 

8.50 

24,  Turkey 

283 

8 

5.481 

2.692 

19.45 

25.  Chile 

239 

24 

5.456 

3.100 

66.80 

*From  Berry  (Reference  5,  p.  IIO),  Table  VIII-1,  cols.  1  and  2, 
"Second  Values".  Twenty  vas  added  to  each  Demographic  Level 
entry. 

**Ratural  log  of  computed  value. 


55 


.  iri^  r~)riTiiiiri-ff-iMrrMilwriifBffii« 


TASI2  U 


f 

i 


CGBRELmOR  lUOfilX,  INIEFENIERT  VARIABLES 


1 

Technological 

Development 

2 

Demographic 

Level 

3 

Size 

4 

Shape 

5 

Relief 

1. 

1 

2. 

-.61 

1 

3. 

.35 

-.40 

1 

k. 

-.24 

.21 

-.43 

1 

5. 

-.27 

-.04 

.05 

.36 

1 

Sraifc-Theoretlc  Measures 

Six  measures  of  a  graph-theoretic  type  were  made  on  transporta¬ 
tion  networks  In  each  of  the  23  nations  selected  for  study.  These 
were; 

(1)  The  number  of  vertices^  nodes,  or  places. 

(2)  The  number  of  edges,  links,  or  routes.  A  variety  of 
sources  were  used  for  the  vertex  and  edge  zoeasiirements . 
Sources  Included  Vorld  Railways  (Reference  29)  and  maps 
published  in  various  Issues  of  the  JournaD  Road  Inter¬ 
national.  Definitions  of  vertices,  and  thus  of  edges, 
were  partly  topological  and  partly  based  on  certain 
Information  contained  on  the  maps.  Any  Intersection 

of  routes  defined  a  vertex.  Also,  any  place  on  the 
network  deemed  significant  by  the  person  who  drafted 
the  map  was  taken  to  be  a  vertex.  End  points  were 
always  treated  as  vertices. 

(3)  Alpha  Index.  Ihls  Is  the  cyclonatlc  number  (see  Item 
5  below) ,  divided  by  the  maximum  possible  nuniber  ‘of 
complete  circuits,  or  |k/(2\r-5). 

(4)  Gamma  Index.  This  Is  the  number  of  observed  edges 
divided  by  the  maximum  possible  number  of  edges  In 

a  planar  graph  with  the  observed  number  of  vertices, 
or  e/3(v-2). 
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(5)  Cyclonatic  mniber.  This  Is  the  measure  of  the  nunber 
of  circuits  in  the  transportation  system,  or  the 
nunber  of  links  in  the  system  excess  to  the  nxmiber 
required  to  tie  the  vertices  together  in  a  minimal 
way.  ^  =  e-(v-l). 

(6)  Diameter.  This  is  a  measure  of  the  "span"  of  the 
transportation  system.  It  is  the  minimun  nunber  of 
links  that  must  he  traversed  in  order  to  move  between 
the  two  points  that  are  the  greatest  distance  apart 
on  the  network. 


Other  Dependent  Variables 


The  above  are  six  measures  of  some  of  the  structural  charac¬ 
teristics  of  transportation  networks.  These  were  supplaaented  by 
an  additional  measure  that  was  adopted  after  extensive  empirical 
measurements  of  transportation  networks  (Kansky,  Reference  ?)• 
Measurements  of  the  lengths  of  edges  in  miles  proved  practicable, 
and  preliminary  correlations  indicated  that  such  measures  were 
significantly  related  to  variables  such  as  technological  develop¬ 
ment.  Consequently,  measures  were  made  in  the  nations  under 
study  of  the  average  length  of  edges.  Two  measures  were  made, 
one  for  highways  and  one  for  railroads. 


The  Data 

On  the  basis  of  preliminary  graphic  analysis,  it  was 
decided  to  transform  many  of  the  dependent  variables  to  their 
natural  logarithms.  These  transformations  are  listed  below: 

(1)  Vertices,  transformed  to  the  natural  logarithm  of 
the  observed  nunber. 

(2)  Edges,  transformed  to  the  natural  logarithm  of  the  ob¬ 
served  nunber. 

(3)  Cyclomatlc  nunber,  one  added  to  the  observed  value  and 
the  result  transformed  to  its  natural  logarithm. 

(4)  Average  highway  edge  length,  transformed  to  the 
natural  logarithm  of  the  natural  logarithm  of  the 
observed  value. 

(^)  Average  railroad  edge  length,  transformed  to  the 
natural  logarithm  of  the  natural  logarithm  of  the 
observed  value. 

The  purpose  of  these  transformations  was  to  assune  linearities  in 
the  regression  analyses.  No  attempt  is  made  to  Indicate  the 
presence  of  these  transformations  in  various  tables  that  follow 
in  thia  chapter. 


Table  13  indicates  the  relationships  between  the  dependent 
and  independent  variables  taken  two  at  a  time.  It  may  be  noted,  for 
exaaqple,  that  there  is  a  correlation  of  -.86  between  the  natural 
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TABLE  12 


OBSSCm)  VALUES  OF  THE 


BENT  VARIABLES 


No.  of  No.  of  Alpha  GaiiBia 

N&tlcm  Nodes  Edges  Index  Index 


1.  Tunisia 

2.  Ceylon 
3*  (Siana 
k,  Bolivia 

5.  Iraq 

6.  Nigeria 
7*  Sudan 

8.  Qlialland 
9«  Prance 

10.  Mexico 

11.  Yugoslavia 

12.  Sweden 

13.  Poland 

lU .  Czechoslovakia 

15 .  Hungary 

16.  Bulgaria 
IT.  Finland 

18.  Angola 

19.  Algeria 

20.  Cuba 

21.  Rumania 

22.  Malaya 

23.  Iran 
2h,  Turkey 
25.  Chile 


3.970 

4.043 

3.U66 

3.434 

3.71^ 

3*714 

U.060 

4.078 

3.i^96 

3.496 

3.989 

4.159 

3.296 

3.296 

3.989 

4.007 

6.U33 

6.733 

5.236 

5.371 

5.553 

5.727 

5.771 

6.094 

5.226 

5.529 

5.553 

5.802 

5.645 

5.916 

4.454 

4.554 

5.118 

5.170 

4.248 

4.344 

4.220 

4.407 

4.511 

4.682 

5.493 

5.645 

3.951 

3.931 

3.689 

3.611 

4.727 

4.718 

5.004 

5.050 

5.00 

37.30 

0.00 

34.40 

1.30 

35.00 

1.80 

35.11 

1.63 

35.48 

10.70 

41.00 

2.04 

36.00 

1.94 

35.25 

17.67 

45.16 

7.54 

38.50 

9.78 

39.90 

19.30 

46.20 

18.25 

45.60 

l4.l4 

43.00 

15.68 

44.00 

6.00 

37.70 

3.00 

35.60 

5.90 

37.70 

11.40 

41.40 

10.20 

4o.4o 

8.50 

39.10 

0.00 

34.00 

0.00 

32.45 

0.45 

33.60 

3.75 

35.30 
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TABI£  12  —  Continued 


Cyclomatlc 

Runiber(+l)* 

Diameter 

Average  Edge 
Length  (Hwy)** 

Average  Edge 

Length  (Rail)** 

1.792 

19 

0.218 

0.150 

0.0CX3 

14 

0.162 

0.275 

0.693 

15 

0.215 

0.237 

1.099 

31 

0.190 

0.291 

0.693 

21 

0.185 

0.259 

2.398 

l4 

0.227 

0.362 

0.693 

13 

0.232 

0.356 

1.099 

24- 

0.219 

0.300 

5.389 

43 

0.149 

0.214 

3.332 

43 

0.223 

0.284 

3.912 

35 

0.180 

0.151 

U.812 

4l 

0.222 

0.185 

4.205 

21 

0.148 

0.IB6 

4.290 

4l 

0.130 

0.170 

4.477 

31 

0.133 

0.074 

2.303 

17 

0.155 

0.139 

2.303 

36 

0.131 

0.181 

2.079 

8 

0.275 

0.319 

2.708 

18 

0.243 

0.226 

2.890 

24 

0.178 

0.168 

3.714 

27 

0.156 

0.160 

0.000 

21 

0.186 

0.233 

0.000 

— 

0.237 

0.351 

0.693 

— 

0.159 

0.271 

2.485 

— 

0.202 

0.086 

'^Natural  Log 

**Natural  log  of  natural  log 
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logaritlim  of  the  niaiber  of  vertices  and  the  index  of  technological 
development.  This  indicates,  as  vo-jld  he  expected,  that  the  more 
developed  the  ?rea,  the  greater  the  nunher  of  nodes  or  vertices  on 
the  transportation  system.  It  may  also  he  noted  that  the  more  de¬ 
veloped  the  country,  the  shorter  is  the  average  edge  length. 


TABLE  13 


SUMMARY:  SIMPLE  COEFFICIENTS  OF  CORRELATION  BETWEEN 
THE  DEPENDENT  AND  INDEPENDENT  VARIABLES 


Technological 

Development 

Demographic 

Level 

Size 

Siape 

Relief 

1. 

Vertices 

-.86 

.53 

-.15 

.08 

.30 

2. 

Edges 

-.85 

.55 

— .l6 

.05 

.26 

3. 

Alpha  Index 

-.64 

.50 

-.12 

-.14 

-.09 

4. 

Gasna  Index 

— .6l 

.49 

— .l4 

m 

1 

-.15 

5. 

Cyclomatic  Nixnber 

-.73 

.56 

-.13 

-.04 

.11 

6. 

Diameter 

-.79 

.44 

-.02 

.24 

.49 

7. 

Average  Edge  Length 
(Highway) 

.67 

-.34 

.64 

-.27 

-.10 

8. 

Average  Edge  Length 

.66 

-.62 

.61 

-.40 

-.40 

(Rail) 


The  Computations 

Eight  regression  analyses  were  made.  In  each  analysis  the  value 
of  a  dependent  variable  was  assigned  to  the  independent  variables  to 
the  extent  that  variations  in  the  data  indicated  that  assignments  were 
warranted.  Biis  section  contains  a  discussion  of  the  regression  model 
used,  the  steps  in  computation,  and  the  outputs  from  the  regressions. 

It  will  be  noted  in  this  section  that  these  computations  were  very  good 
in  the  sense  that  mvich  of  the  variability  in  individual  dependent 
variables  could  be  associated  with  the  independent  variables. 
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Hie  model  used  in  this  study  was  the  standard  linear  equation 
used  in  regression  studies,  namely: 

y-  bg  +  *  Vs  *  '’4%  *  Vs  ^  ®  • 

y  represents  the  value  of  one  of  the  dependent  variahles-- say,  numiber 
of  vertices~for  a  nation,  throu^  x^  represent  the  values  of  the 
independent  variables  for  that  nation.  5hese  were  respectively:  techno¬ 
logical  development,  demographic  level,  size,  shape,  and  relief.  Values 
b^  through  b^  ere  the  regression  coefficients  estimated  from  the  data. 
Each  of  the  eight  regressions  was  done  in  the  following  way:  First, 
estijoates  were  made  of  values  of  the  regression  coefficients  using  least- 
squares  methods,  the  standard  method  for  regression  azialysis.  While 
the  necessary  matrix  multiplications  and  Inver si<»is  were  accomplished 
for  the  data  as  a  whole,  the  regressions  differed  somewhat  from  usual 
computations  in  that  the  regression  coefficients  were  determined  one 
at  a  time.  In  the  first  regression,  for  instance,  the  value  of  the 
coefficient  b^  was  established  and  certain  auxiliary  computations 
made  of  correlation  and  error.  Next,  the  value  of  regression  coef¬ 
ficient  ^2  was  established  and  the  estimates  of  error  and  correlation 
recomputed.  Hiese  computations  were  continued  in  this  incremental 
fashion  until  all  5  of  the  regression  coefficients  were  determined. 

Since  there  were  5  of  the  regression  coefficients  for  each  of  the  10 
regressions,  some  50  regressions  were  actually  run.  It  is  most  conven¬ 
ient,  however,  to  speak  of  10  regressions  in  all.  The  preliminary  4 
regressions  of  each  of  the  dependent  variables  are  of  greatest  interest 
in  regard  to  the  estimates  of  error  to  be  discussed  below. 


Outputs 


Hie  outputs  from  the  calculations  fall  into  two  categories: 

(l)  the  regression  coefficients,  and  (2)  various  estimates  of  error 
or  reliability  of  the  regressions.  Hie  regression  coefficients  are 
given  in  Table  l4;  these  are  numerical  values  of  the  b*s  in  the  linear 
regression  equation  given  above.  For  the  first  regression,  for 
instance,  we  have: 


or: 


y  ■  6,30  -  .008x^  -  .006x2  ~ 


^number  of  '' 

findex  of  ^ 

index  of  1 

vertices 
on  network 

-  =  6.30  -  .008 

/  technological 

1  development  J 

-  .006  , 

demograph-  ! 
tic  level  J 

+  .201 


e 


+  error  of  the  estimate 

and  similar  equations  may  be  written  for  the  nine  remaining  regressions. 


Several  different  measures  were  made  of  the  reliability  of  the 
regressions.  Table  15  presents  a  measure  of  how  well  the  regressions  work. 
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T/IELE  lU 


SIHCARY:  REGRESSION  COEFFICIENTS  OF  THE  EIGHT  REGRESSIONS 


Techno¬ 

logical 

Develop¬ 

ment 

Demo¬ 

graphic 

Level 

Size 

Shape 

Relief 

Constant 

Term 

1.  Vertices 

-.008 

-.006 

.201 

-.267 

-.007 

6.30 

2.  Edges 

-.009 

-.007 

.213 

-.335 

-.006 

6.7*^ 

3«  Al^dia  Index 

-.0U9 

.068 

1.208 

-3.306 

-.090 

22.123 

k.  Gemna  Index 

-.031 

CO 

0 

• 

.U12 

-2.U19 

-.071 

50.5i^3 

5 .  Cyclomatic 

Number 

-.012 

.027 

.354 

".799 

.001 

5.278 

6.  Diameter 

-.0918 

.012 

10.101 

7.UU7 

.31^7 

-21.565 

T .  Average  Edge 

Length 

(Highway) 

.0003 

.0007 

.OU23 

.0027 

.0002 

-.1U2U 

8.  Average  Edge 

Length 

(Rail) 

.0001 

-.0023 

.0802 

.0138 

-.0025 

-.1757 

TABLE  15 

SUMdARY  OF  COEFFICIENTS  OF  EETEE?MINATION  OP  THE  8  REGRESSIONS 


Techno¬ 

logical 

Develop¬ 

ment 

Demo¬ 

graphic 

Level 

Size 

Shape 

Relief 

1.  Vertices 

.73 

.73 

.76 

.77 

.77 

2.  Edges 

.73 

.73 

.75 

.76 

.77 

3 .  Alpha  Index 

.42 

.44 

.46 

.54 

.57 

U.  Gamma  Index 

.31 

.40 

.41 

.52 

.56 

5 .  Cyclomatic  Number 

.54 

.56 

.59 

.62 

.62 

6.  Diameter 

.62 

.62 

.67 

.75 

.80 

7.  Average  Edge  Length 

(Highway) 

•^3 

.46 

.66 

.67 

.67 

8.  Average  Edge  Length 

(Rail) 

.43 

.51 

.63 

.65 

.77 
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Ihe  coefficients  of  detenaination,  sometimes  termed  the  power  of 
the  model,  are  ntimerically  the  s'  aares  of  the  multipl*»  correlation 
coefficie^s,  and  they  may  be  incerpreted  as  the  percent  of  the  vari¬ 
ability  in  the  dependent  variable  associated  with  variation  in  the 
independent  variables.  The  first  entry  indicates  that  some  73  per¬ 
cent  of  nation-to-nation  variation  in  the  number  of  vertices  may  be 
associated  with  the  level  of  technological  development  ,  and  the  right- 
hand  entry  of  the  first  col\imn  indicates  that  some  77  percent  of  the 
variability  fiHsn  nation-to-nation  in  number  of  vertices  may  be 
associated  with  the  five  independent  variables  taken  altogether. 

A  number  of  other  outputs  from  the  regression  bear  on  the 
"goodness"  of  the  regressions.  ISie  22  to  25  nations  used  in  this 
study  may  be  viewed hs  a  sample  from  a  larger  set  of  nations,  though  it 
might  be  somewhat  difficult  to  decide  on  the  number  of  nations  in 
the  world.  The  United  Nations’  Statistical  Yearbooks  list  approxi¬ 
mately  260  political  divisions,  but  about  100  of  these  are  subdivisions 
of  larger  units.  Ginsburg  (Reference  30)  found  it  practicable  to  con¬ 
sider  about  l4o  coimtries.  Ihus,  the  computations  made  here  ml^t  be 
regarded  as  a  sample  from  approximately  ito  areas.  Still  a  broader 
view  might  be  adopted.  The  1^  areas  might  be  regarded  as  displaying 
patterns  from  a  larger  \miverse  of  transportation  network  structures 
that  might  have  developed,  given  the  conditions  that  control  network 
development.  Ihis  set  of  possible  patterns  ml^t  be  very  large  or 
even  unlimited  in  number.  Reasoning  this  way,  the  sample  ml^t  be 
regarded  as  one  from  an  extremely  large  universe  of  possible  trans¬ 
portation  network  structures.  Table  I6  presents  the  variance  ratios 
for  the  regressions.  In  connection  with  the  coefficients  of  deteimina- 
tion  of  the  regressions  (Table  I5),  it  was  mentioned  that  these  may  be 
regarded  as  the  amount  of  variation  in  the  dependent  variable  associat¬ 
ed  with  variations  in  the  independent  variables.  Ihe  variance  ratios 
pemit  significance  tests  of  the  increments  in  the  variation  explain¬ 
ed  by  the  regressions  as  individual  regression  coefficients  are  added. 
It  may  be  seen  that  the  reduction  in  the  variance  associated  with 
technological  development  is  extremely  significant  and  that  other 
reductions  in  variance  are  significant  on  occasion. 

Ihe  regression  equations  may  be  viewed  as  forecasting  devices. 
Observations  on  the  independent  variables  may  be  entered  into  the 
equations  and  estimates  of  transportation  structure  derived.  A 
change  in  some  character  of  an  area,  such  as  level  of  technological 
development,  may  be  postiilated  and  new  values  of  transportation  struc¬ 
ture  estimated.  Persons  using  regression  equations  of  this  sort  for 
estimating  purposes  should  proceed  with  caution,  of  course.  For  one 
thing,  estimates  that  extend  beyond  the  range  of  variability  in  the 
original  data  should  be  made  only  with  great  care.  Too,  the  regres¬ 
sions  limit  themselves  to  measures  of  structure  and  do  not  display 
exactly  how  a  change  will  take  place  on  the  map.  (This  point  is 
investigated  later  in  this  monograph.)  In  addition  to  the  preceding 
points,  the  behavior  of  errors  of  estimation  is  critical  where 
estimates  are  made.  For  this  reason,  a  number  of  meastcres  bearing 


TABLE  l6 


VARIABCE  RATIOS  WITH  1  ARD  m-j  mSBEES  OF  FREEDOM 


J  equal 

Technological  Demograihic 
De-velopment  Le-vel 

Size 

Shape  Relief 

m 

No.  of 
Obser- 
•vations 

Variable 

^  1  2 

3 

4  5 

Vertices 

63.31** 

.01 

2.32 

.48 

.76 

25 

Edges 

61.27** 

.07 

2.23 

.90 

.39 

25 

Alpha  Index 

16.43 

.75 

.83 

3.53  1.18 

25 

Gamma  Index 

13.73** 

.83 

.45 

4.44*  1.67 

25 

Cyclomatlc  Number 

26,62** 

1.03 

1.51 

1.84 

.00 

25 

Diameter 

32.35** 

.15 

3.73 

4.30*  4.21 

22 

Average  Edge 

Length  (Hig^iway) 

18.69** 

.33 

13. 08** 

.14 

.14 

25 

Average  Edge 

Length  (Rail) 

17.30** 

3.45 

7.38* 

.61  10.26** 

25 

♦^•Significant  at  the  level. 
♦Significant  at  the  5^  level. 


on  errors  of  estijaatlon  were  obtained  in  the  course  of  the  regression 
calculations. 

Table  17  presents  the  standard  errors  of  estimate  for  the  ei^t 
regressions.  In  discussing  the  regression  equation  earlier  in  this 
section,  mention  was  made  of  the  error  tern  that  must  be  introduced 
into  the  equation  in  order  to  correct  the  computed  structure  -value  to 
the  antual  observed  value.  ^Ihe  standard  error  of  the  estimate  is  a 
measure  of  the  distribution  of  these  erroi-  terms  (their  means  are  zeros). 
For  the  first  regression,  for  example,  about  66  percent  of  the  computed 
•values  from  the  regressions  lie  within  plus  or  minus  one  standard  error 
or  pl\is  or  minus  .457  of  the  observed  -values;  95  percent  lie  within 
plus  or  minus  -two  standard  de-viatlons,  or  plus  or  minus  .950* 
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TABLE  17 


STANDARD  ERRORS  OF  ESTIMATE^ 


Variable  Standard  Error  of  the  Estimate 


1. 

Vertices 

.457 

2. 

Edges 

.514 

3. 

Alpha  Index 

4.617 

4. 

Gamma  Index 

3.033 

5. 

Cyclonatic  Number 

1.127 

6. 

Diameter 

5.488 

7. 

Average  Edge  Length 

.026 

(Highway) 

8. 

Average  Edge  Length 

.043 

(Rail) 

*Unbiased 


Results 


It  might  be  wise  to  repeat  certain  cooments  made  earlier  on 
the  structure  of  this  study  before  going  on  to  a  sumaary  of  the  results 
of  the  regressions,  because  the  results  of  the  regressions  must  be 
judged  within  the  overall  structure  of  the  study.  Earlier  the 
question  was  asked,  "Can  the  structures  of  transportation  systems 
be  related  to  the  featiu’es  of  the  areas  within  which  they  are  located?" 
In  terms  of  certain  measures  of  structure  and  certain  ways  of  measuring 
the  "characteristics  of  the  features  of  the  areas",  the  answer  to  this 
question  is  a  definite  yes.  But  beyond  this  it  is  desired  to  answer 
this  question  in  the  affirmative  so  far  as  the  actual  netvrorks  or  maps 
of  the  transportation  systems  of  areas  are  concerned,  ^Hiat  is,  the 
ultimate  answer  to  the  question  requires  generating  the  actual 
transportation  network,  given  the  characteristics  of  the  area  that 
contains  the  network,  Ihe  first  step  in  obtaining  the  ultimate 
answer  to  this  question  is  that  of  generating  the  characteristics 
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of  network  structure,  so  our  ability  to  answer  the  question  with  a 
yes  in  the  case  of  the  characteristics  of  the  network  is  an  essential 
part  of  the  objective  of  the  overall  objective  of  the  research, 

Slsqplicity  and  preciseness  oay  always  be  taken  to  be  desirable 
attributes  of  models.  It  might  be  noted  again  that  the  regression 
equations  used  in  this  study  have  these  attributes,  Measiirement  require¬ 
ments  for  calculating  values  of  the  dependent  variables  are  not  at  all 
demanding.  Compiztation  of  size,  shape,  and  relief  are  simple  and  straiglit- 
forward.  While  developnent  of  the  technological  development  and  demo¬ 
graphic  level  scc^.es  required  a  great  deal  of  statistical  work,  values 
on  these  scales  may  be  estimated  from  very  simple  information,  Kie 
values  of  the  independent  variables  are  also  very  simple  to  measvtre, 
although  they  too  depend  upon  certain  mathematical  considerations. 

As  was  m»i*iticned  before,  the  fit  of  the  regression  model  to  the  . 

data  may  be  regarded  as  quite  good,  This  is  a  relative  matter,  of  course,  I 

Also,  it  wa:  rotei  that  the  residuals  or  errors  were  such  that  introduc-  f 

tion  of  new  data  into  the  regressions  and  limited  projections  may  be  ] 

made  with  confidence,  j 

It  was  remarked  earlier  that  these  regressions  are  but  one 
stage  of  an  effort  to  reproduce  actual  transportation  networks  from  j 

data  on  the  characteristics  of  areas,  Bie  question  of  the  overall  i 

pertinence  of  the  regressions  will  be  left  open  until  that  portion  of  I 

the  research  is  discussed.  However,  it  is  possible  to  make  certain  | 

summary  remarks  on  the  relationships  within  the  regressions  and  those  I 

remarks  will  be  made  here.  Tables  given  earlier  in  this  discussion 
give  the  units  within  which  the  data  were  measured,  the  regression  ! 

coefficients,  and  the  variance  ratios,  ; 

( 

» 

Hie  regression  coefficients  are  siibject  to  certain  general  | 

interpretations.  Hie  table  showing  variance  ratios  (Table  l6)  permits  I 

identification  of  those  regression  coefficients  associated  with  the  | 

stronger  relations  between  independoit  and  dependent  variables.  It  I 

may  be  seen  from  this  table  that  technological  development  is  always  | 

a  major  determinate  of  structure,  with  other  of  the  independent  variables  i 

important  only  in  certain  cases.  Referring  to  the  technological  develop¬ 
ment  column  of  regression,  coefficients  in  the  sunmary  of  regression 
coefficients  (Table  I5) ,  it  may  be  seen  that  for  the  first  six  regres¬ 
sions  the  more  developed  the  country  (and  smaller  the  measure  of 
technological  development)  the  higher  the  value  of  the  dependent 
variable.  Just  the  reverse  is  true  for  the  last  two  regressions. 

Hie  more  highly  developed  the  country,  the  smaller  the  average  edge 
length  and  the  smaller  the  structure  index.  Hie  demographic  measure 
is  of  little  Importance,  and  size  is  of  importance  only  in  the  case 
of  the  last  four  measures.  Hie  greater  the  size,  the  greater  the 
average  edge  length  and  structure  index,  this  being  more  true  for  high¬ 
ways  than  for  railroads.  Hie  shape  measure  is  significant  in  relation 
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to  diameter  and  the  gaania  index,  while  relief  has  its  greatest 
effect  on  the  edge  length  for  railroads. 

The  above  statements  are  a  mixtore  of  observations  based  on 
the  magnitudes  of  the  regression  coefficients  and  their  relative 
significance  in  the  variance  ratio  tests.  Additional  findings  may  be 
made  by  writing  out  the  individual  regression  equations  and  studying 
their  sensitivity  tc  variations  in  the  independent  variables. 

The  structural  indices  used  in  this  study  are,  with  the  excep¬ 
tion  of  average  edge  length,  all  basically  derived  from  information 
about  the  nuniber  of  nodes  and  edges  in  the  graph.  Some  redundancy 
might  well  be  expected,  and  a  casual  examination  of  the  regression 
coefficients  for,  say,  the  alpha  and  gamma  indices  (see  Table  l4) 
reveals  a  very  similar  pattern  of  respcmse  to  variations  in  the  level 
of  the  independent  vEuriables. 

Computation  of  the  simple  intercorrelations  bettfeen  the  dependent 
variables  in  the  various  regressions  reveals  tbat  the  redundancy  is 
qidte  hi^  in  almost  all  cases;  for  example,  the  simple  correlation 
between  the  alpha  and  gmnna  indices  for  22  nations  is  0.99B  (see 
Table  id).  Analysis  of  these  interdependencies  by  means  of  principal 
conq>onents  analysis  (with  varimax  rotation  to  “simple  structvore”)  re¬ 
veals  that  the  six  indices  may  be  collapsed  into  three  factors  (see 
Table  19).  ihe  first  two  of  these  factors  accounted  for  nearly  98 
percent  of  the  observed  canmunality.  The  firsthand  by  far  the  most 
important,  expressed  network  coaplexity  as  a  function  of  the  mmiber 
of  nodes,  the  number  of  edges,  and  the  cyclomatic  number;  the  second 
factor  combines  the  alpha  and  gamna  indices  into  a  measure  of 
network  ccnpleteness,  while  the  third  factor,  which  may  be  interpreted 
as  a  size  meastce,  related  the  number  of  nodes,  the  number  of  edges, 
and  the  diameter  of  the  network. 

Ihis  information  about  redundancy  would  appear  to  indicate 
that  the  eight  regressions  could  be  rexQ.aced  by,  say,  three  regres- 
sicxis  with  very  little  loss  of  information. 

This  section  has  reported  the  measurements  used,  computation, 
and  results  from  eight  regression  studies.  These  regression  studies 
established  relationships  between  certain  measiirements  of  transporta¬ 
tion  network  structure  and  measunsments  of  the  characteristics  of  the 
areas  within  which  these  networks  lie.  It  was  found  that  measures  oi 
network  structure  could  be  related  rather  closely  to  the  charsurteris- 
tics  of  the  areas  contairdng  the  networks  and  that  the  technological 
develoxment  was  the  more  important  factor  conditioning  the  character 
of  transportation  systems. 
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TABLE  IB 


CGRRELATIOR  MATRIX  -  EEFENEENT  VARIABLES* 


No.  of 
Nodes 

No.  of 
Edges 

Alpha 

Index 

Gesna 

Index 

Cyclomatic 

No.  Diameter 

1 

1 

2 

.98 

1 

3 

.73 

.75 

1 

4 

.71 

.7^ 

.99 

T_ 

5 

.96 

.97 

.70 

.79 

1 

6 

.75 

.70 

.48 

.46 

.65  1 

*Based  upon  first  22  observations 


TABLE  19 

ROTATED  FACTOR  LQADINCIS  OF  THE  GRAPH-THEORETIC  STRUCTURE  IRDICES 


VARIABLE 

1 

FACTX® 

2 

3 

1 

No.  of  nodes 

0.638 

0.388 

0.660 

2 

No.  of  edges 

0.687 

0.419 

0.576 

3 

Alpha  index 

0.294 

0.911 

0.286 

4 

Genzma  index 

0.313 

0.919 

0.237 

5 

Cyclomatic  number 

0.724 

0.492 

0.461 

6 

Diameter 

0.283 

0.208 

0.740 

Percent  of  communality* 

85.6 

12.0 

2.4 

♦Over  all  factors 
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Bnpirical  Sttidles  of  Intra-Hat  Ion 
Network  Structxire 


The  preceding  section  reviewed  entpirical  studies  of  nation- 
to-nation  variations  in  the  structure  cr  layout  of  transportation 
systems  and  their  relation  to  varying  environmental  conditions.  The 
present  section  is  used  to  report  upon  a  study  of  certain  structural 
details  of  transportation  systems  within  nations.  It  has  been  noted 
that  when  viewed  as  a  group,  transportation  systems  may  be  represent¬ 
ed  by  their  connection  matrices.  Gtonnection  matrices  were  construct¬ 
ed  for  the  surface  transportation  networks  of  all  the  study  nations 
mentioned  in  the  last  section,  as  well  as  for  a  nonber  of  others. 

Connect icm  matrices  for  local  air  transport  services  within  a  nisnber 
of  Central  and  Latin  American  nations  were  also  constructed  to  see 
if  any  basic  differences  existed  in  the  patterns  developed  by  service 
and  air  transport  systems. 

An  examination  of  the  connection  matrices  for  the  various 
surface  transportation  networks  revealed  one  comnon  factor:  a  heavy 
concentration  of  entries  near  the  main  diagonal  of  the  matrix.  That 
is,  one  dcminant  characteristic  of  the  systems  was  that  the  routes 
that  made  the  system  tended  to  link  urban  centers  mainly  to  their 
near  nei^bors.  Aside  from  the  "neighborhood  effect",  the  connection 
matrices  also  revealed  certain  minor  groiqpin^of  off-diagonal  elements. 
This  tendency  toward  off-diag<»ial  gro\q>ings  was  somewhat  accentuated 
when  connection  matrices  of  the  local  service  airline  routes  were 
examined.  Here  some  organizing  effect,  over  and  above  the  aforemention¬ 
ed  neighborhood  effect,  appeared  to  exist,  with  certain  nodes  or  groups 
of  nodes  exerting  an  organizing  effect  on  the  overall  pattern  of  routes. 

Apart  from  these  very  obvious  and  general  conclusions,  it  is 
quite  difficult  to  make  any  farther  statements  about  underlyi:^ 
structural  patterns  from  visual  examination  of  the  connection  matrices. 
Analysis  in  greater  depth  must  utilize  more  explicit  and  powerful 
tools.  Ihe  most  appropriate  appears  to  be  a  tool  of  statistical 
analysis  known  as  principal  component  analysis.  Ihis  analytic  tool 
has  been  used  by  others,  see  MacRae  (Reference  3l)>  in  cases  of  a 
similar  vnderlying  structure. 

In  the  development  of  an  analytic  system  with  the  capability  of 
forecasting  the  transportation  network  of  any  area,  several  elements 
need  to  be  incorporated.  Research  outlined  previously  has  examined 
either  the  properties  of  transport  systems  in  the  aggregate,  and 
their  relationships  to  the  degree  of  economic  development  of  the 
areas  they  serve,  or  the  structure  of  networks,  comprising  the  patterns 
formed  by  transport  routes  which  link  nodes.  A  further  aspect  of  net¬ 
work  development  is  that  of  the  emergence  of  capacity  differentials 
on  links  between  nodes.  Such  capacity  differentials  emerge  in  response 
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to  YarlatioQs  in  denand  for  movements  of  coranodities  and  people  between 
places  connected  by  the  transport  system.  Thus  they  apply  differential 
weij^ing  to  the  edges  of  the  network  in  creating  a  spatial  system  in 
which  movements  between  places  define  the  connectivity,  the  dominance 
and  the  subdominance,  and  similar  relations  of  the  nodes. 


As  with  all  systems,  the  one  formed  by  differential  weighting  of 
the  edges  may  be  viewed  at  three  levels:  (a)  that  of  patterns  and  frame¬ 
works  (for  exaoqple,  coemodity  flow  mappiiig);  (b)  that  of  functional  inter¬ 
dependency  (for  example,  of  the  connectivity  of  parts  defined  by  flow 
differentials);  and  (c)  that  of  dynamic  systems  (for  example,  of  patterns 
and  interdependencies  changing  through  time  in  secular,  cyclic,  rhythmic, 
and  stochastic  ways).  Ihe  first  of  these  levels  has  been  studied  in 
detail  many  times.  Hence,  this  paper  focuses  upon  the  seccmd  and  third 
levels.  Farticvilar  questions  of  interest  are  these: 

(1)  Is  the  functional  organization  of  a  set  of  nodes  the  same 
when  this  organization  is  viewed  in  terms  of  (a)  unweight¬ 
ed  links,  and  (b)  links  with  differential  weights  specified 
by  conoodity  flows? 

(2)  How  volatile  is  the  functional  organization  over  relative¬ 
ly  brief  time  spans?  Is  there  any  definable  sequence  of 
change  which  may  be  related  to  degree  of  economic  develop¬ 
ment  of  the  areas  served  and  to  rate  and  nature  of  economic 
growth  of  these  areas? 


Uiese  questions  are  posed  since  one  might  argue  that  several 
structural  components  exist,  and  that  any  network  can  be  decomposed  into 
these  (neighborhood  effects,  nodal  organization  ~  "  field  effects”  — 
at  regional  and  national  levels,  and  complex  regional  interdependencies). 

One  mi^t  further  argue  that  these  components  enter  in  a  logical  sequence 
during  the  process  of  economic  growth  (neighborhood  effects  creating 
"chains”,  followed  by  field  effects  first  at  regional  and  then  at  the 
national  levels,  and  finally  by  complex  regional  interdependency). 

Others,  however,  have  said  that  when  differentially-weighted  links  are 
coi-^idered,  a  fiurther  stage  beyond  "complex  organization”  exists  —  the 
emergence  of  "hi^-priority  main  streets” ,  along  which  the  majority  of 
flows  are  consistently  channelled,  ihese  topics  will  be  considered  here,  ) 


nie  case  examined  is  that  of  India.  IHie  data  pertain  to  inter¬ 
regional  commodity  flows  within  that  country;  they  were  obtained  from 
both  official  statistics  and  special  tabulations  of  the  original  data 
from  which  the  official  sxmmaries  had  been  drawn.  (See  Berry,  Reference 
11.) 

For  any  one  year  (each  year  for  a  decade  is  available)  the  data 
comprise  sixty-three  36x36  flow  matrices.  Sixty-three  conmiodities  are 
covered,  and  for  each  commodity  the  flows  between  36  regions  and  major 
cities  (the  states  of  India  as  of  1956.  plus  such  metropolitan  centers 
as  Calcutta,  Bombay,  Madras,  and  Delhi)  are  recorded.  All  flows  are  in 
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qtiantity  terns,  but  value  ccnversioDs  are  available.  Fbr  the  present 
exploratory  stiidy,  4  of  the  63  ccoHnodities  were  selected  for  analysis: 
cattle,  grain  and  grain  products,  baled  raw  jute,  and  iron  and  steel. 
These  were  expected  to  provide  a  spectrum  both  in  terms  of  the  spatial 
organization  of  the  Indian  econcmy,  and  changes  in  this  organization 
through  time  due  to  post-independence  political  changes  (jute)  and 
the  Indian  program  of  planned  economic  development  (iron  and  steel). 
Three  years  were  examined  to  provide  a  taaporal  perspective  for  each 
ccsmodity:  1956,  1959*  and  I961.  TVelve  36x36  conmodity  flow  matrices 
are  therefore  the  bases  of  the  analysis  reported  here. 

The  rotated  factor  loadings  for  one  conmodity  (cattle)  for 
one  year  (1956)  are  presented  in  Table  20.  *fote  the  loadings  of 
the  36  receivers  on  factor  1;  they  are  either  very  hi^  or  necar  zero, 
t3  is  consistent  with  normal  varimax  rotation  to  simple  structure. 
Receivers  4,  8,  I3,  15 >  19»  and  22  have  profiles  of  receipts  from  the 
36  shippers  that  are  very  similar;  the  scores  of  the  36  shippers  on 
factor  1  reveal  the  shape  of  the  profile  —  the  peak  score  associated 
with  shipper  I6  shows  this  to  be  the  major  source  for  the  6  highly 
correlated  receivers.  Similarly  on  factor  2,  receivers  18,  31»  33* 

34,  and  35  form  a  group.  (Table  20),  with  6  the  major  shipper  to  the 
group.  The  interpretation  proceeds  similarly  for  all  other  factors 
(see  also  figures  9-21). 

Figure  9  shows  one  simple  way  of,  representing  the  results. 

Highly  correlated  receivers  are  linked  to  principal  shippers  by  desire 
lines.  The  existence  of  organizational  regions  ccn^lsing  groups 
of  contiguous  states  receiving  from  specialized  producing  areas  is 
iimediately  apparent.  Similar  maps  can  be  used  to  summarize  the 
resiilts  of  each  of  the  factor  analyses.  Each  nap  depicts  the  spatial 
organization  (interdependence  of  nodes)  implicit  in  a  given  comaoSHy 
flow  matrix.  The  functional  organization  is,  in  turn,  based  upon  common 
patterns  of  receipts  among  receivers.  Since  a  set  of  relatively  li^t 
flows  may  have  the  same  profile  as  a  set  of  very  heavy  flows,  these 
patterns  reveal  the  essential  skeleton  of  interdependencies,  and  they 
are  consistent  with  factor  analyses  of  route  structures  presented  in 
the  previous  study.  St5)plementary  vdimietric  infoimation  is  required 
if  one  is  to  consider  inequalities  produced  by  differential  weighting 
of  the  links,  however;  so  long  as  the  profiles  of  shipaents  and  receipts 
have  the  same  shape,  correlations  will  be  hi^i  regardless  of  the  rela¬ 
tive  elevation  of  the  profiles. 

Figures  10-21  summarize  the  complete  patterns  of  the  four 
comaodities  selected  for  analysis  for  each  of  the  three  sample  years. 

Note  in  Figures  10-12  tne  ascending  hierarchy  of  what  might 
be  called  "field  effects."  Nodal  regions  of  varying  scale  apparently 
exist  for  the  various  ggricultural  ccnmodities.  In  Figure  10  the 
areas  dominated  by  the  major  metropolitan  centers  all  have  their  own 
specialized  source  of  cattle,  but  as  is  shewn  in  Figure  11,  there  are 
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TABLE  20 


CATTLE,  1956:  ROTATED  FACTOR  MATRIX 


FACTOR  NIMHER 

• 

• 

1 

2 

3 

4 

5 

SIM  SQUARES  OVER  VARIABLES: 

5.244 

4.995 

3.958 

3.082 

2.801 

RECEIVER 

C0M4UNALIT7 

NO. 

NAME 

9  FACTORS 

1 

ANCHRA 

0.951 

-0.023 

-0.001 

-0.034 

-o.og6 

-0.043 

2 

ASSAM 

0.997 

-0.030 

-0.017 

0.995 

-0.04l 

0.013 

3 

BIHAR 

0.656 

-0.050 

-o.o49 

-0.048 

0.025 

-0.029 

k 

BOMBAY 

0.871 

0.878 

-0.048 

-0.051 

0.078 

0.068 

5 

MATFRA 

0.752 

0.138 

-0.045 

0.116 

0.603 

-0.157 

6 

MAISAS 

0.865 

-0.050 

-0.033 

0.001 

-0.029 

0.032 

7 

ORISSA 

0.99*^ 

-0.022 

-0.020 

0.986 

0.115 

0.021 

8 

PUNJAB 

0.^3 

0.970 

-0.019 

-0.016 

-0.043 

0.030 

9 

UTTPRA 

0.966 

0.132 

-0.017 

0.001 

0.964 

0.087 

10 

V  BENG 

0.992 

-0.028 

-0.017 

0.993 

-0.037 

0.012 

11 

HXDERB 

0.993 

-0.004 

-0.031 

-0.030 

0.213 

-0.8l4 

12 

JAMKAS 

0. 

0. 

0. 

-0. 

0. 

-0. 

13 

MADBHA 

O.72U 

0.785 

-0.034 

-0.030 

0.248 

-0.145 

Ik 

MISORE 

0.867 

-0.015 

0.061 

0.015 

0.042 

-o.i4o 

15 

PATEPN 

0.959 

0.968 

-0.010 

-0.008 

0.131 

-0.009 

16 

RAJAST 

0.922 

0.063 

0.004 

0.007 

0.952 

-0.C04 

17 

SAURAS 

0.969 

-0.010 

-0.021 

-0.024 

0.023 

-0.981 

18 

TRAVCO 

0.999 

-0.028 

0.998 

-0.019 

-0.036 

0.015 

19 

AJMER 

0.958 

0.968 

-0.014 

-0.013 

0.106 

0.047 

20 

BHOPAL 

0.866 

0.021 

-0.029 

-0.025 

0.015 

0.054 

21 

COCRG 

0. 

0. 

0. 

-0. 

0. 

-0. 

22 

DEHLI 

0.989 

0.986 

-0.016 

-0.016 

-0.089 

0.021 

23 

HIMPRA 

0. 

0. 

0. 

-0. 

0. 

-0. 

2k 

KUTCH 

0.534 

-0.040 

-0.051 

-0.064 

0.066 

-0.133 

25 

MANPUR 

0. 

0. 

0. 

-0. 

0. 

-0. 

26 

TRIPUR 

0. 

0. 

0. 

-0. 

0. 

-0. 

27 

VINPRA 

0.558 

0.002 

-0.028 

-0.014 

0.014 

-0.006 

28 

ANER  P 

0.147 

-0.051 

-0.038 

-0.04l 

-0.048 

0.064 

29 

BOMB  P 

0.901 

O.U6 

-0.023 

-0.013 

0.830 

-0.309 

30 

CALCUT 

0.984 

-0.035 

-0.025 

0.989 

0.011 

0.023 

31 

COCH  P 

1.000 

-0.027 

0.998 

-0.017 

-0.035 

0.013 

32 

GOA 

0. 

0. 

0. 

-0. 

0. 

-0. 

33 

MAER  P 

0.999 

-0.020 

0.993 

-0.016 

0.088 

0.018 

3^^ 

OMAD  P 

1.000 

-0.027 

0.998 

-0.017 

-0.035 

0.013 

35 

PONEfCA 

1.000 

-0.026 

0.998 

-0.017 

-0.035 

0.012 

36 

SAUR  P 

0.978 

-0.014 

-0.021 

-0.023 

0.027 

-0.984 
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Figure  9:  Cartographic  Representation  of  Factors 
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Figure  13:  Iron  and  Steel,  1956 
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Figure  14:  Cattle,  1959 
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Figure  15;  Gram,  1959 
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Figure  16:  Baled  Raw  Jute,  1959 
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jxire  17:  Iron  and  Steel,  1959 
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See  Table  20  for  key  to  nodes 


Cattle,  1961 


Figure  20;  Baled  Raw  Jute,  1961 
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Figure  21:  Iron  and  Steel,  1961 
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fewer  sources  of  grain  and  grain  products,  and  these  serve  wider 
areas  of  the  country.  Finally,  in  Figure  12,  Calcutta  is  seen  to  be 
the  source  frcsn  >diich  the  entire  country  draws  baled  jute.  Actually 
this  latter  pattern  is  illusory,  however,  and  illustrates  the  need  for 
complete  interpretation  of  flow  systems,  for  almost  95  percent  of  all 
movements  of  baled  jute  are  from  rural  Bihar  (3)  and  West  Bengal  (lO) 
to  the  Calcutta  (30)  metropolitan  area.  These  movements  were  masked 
in  the  factor  analysis  for  1956  because  the  rest  of  the  country  drew 
baled  jute  from  Calcutta,  and  this  receipt-profile  therefore  dominated 
the  inter  correlations  of  the  states.  As  is  to  be  seen  in  Figures  I6 
and  20,  however,  with  the  breakdown  of  national  dependence  upon 
Calcutta  for  baled  jute,  the  volume trically  more  significant  patterns 
assume  a  role  of  increasing  importance. 

Whereas,  in  1956,  various  types  of  nodal  organization  charac¬ 
terized  the  production  and  receipts  of  agricultural  goods  (these  goods 
therefore  occupying  various  positions  with  respect  to  field  effects), 
a  more  complex  form  of  regional  interdependency  characterized  the  ship¬ 
ment  and  receipt  of  iron  and  steel.  Each  of  the  major  metropolitan 
centers  ships  to  the  other  —  Bombay  (29),  Madras  (33) »  and  Calcutta 
(30).  In  addition,  the  Calcutta,  West  Bengal  (lO),  and  Bihar  (3) 
production  areas  of  1956  link  to  each  other.  Finally,  Calcutta 
ships  to  its  own  hinterland  and  to  that  of  Bombay;  Bihar  also  ships 
to  the  Calcutta  hinterland ;  and  Madras  serves  its  own  hinterland  in 
the  south.  Complex  interconnections  therefore  exist  between  the 
metropolitan  centers  and  the  manufacturing  centers,  and  the  metropol¬ 
itan  centers  act  as  nodes  for  their  non-producing  hinterlands. 

In  Figure  l4  the  pattern  of  Figure  10  is  repeated,  although 
the  hint  far  land  of  Bombay  is  more  clearly  defined  with  Bombay  State 
as  its  specialized  source.  Increasing  specialization  in  production 
of  grain  in  the  northwest  had  led  to  an  increasing  focussing  of  the 
country  upon  that  area,  however,  as  is  evidenced  by  Figure  15 .  The 
opposite  has  happened  in  the  case  of  jute;  small  alternative  sources 
are  being  tapped,  and  long-distance  movements  have  been  eliminated  — 
no  longer  does  the  country  rely  upon  Calcutta,  and  the  iaqwrtance  of 
the  Bihar -West  Bengal  production  area  is  brought  out.  Figxire  IT  shows 
the  effects  of  increasing  domestic  production  of  iron  and  steel  in 
Calcutta,  West  Bengal,  and  Bihar,  and  the  elimination  of  many  of  the 
Imports  through  Madras.  Ihe  ccxnplex  ' intermetropolitan  cross-flows 
have  been  removed.  Calcutta  seizes  the  Madras  hinterland;  Calcutta- 
West  Bengal  serve  the  hinterlands  of  Bombay  and  Delhi.  Bihar  ships 
throughout  the  Calcutta  region,  and  there  are  complex  cross -flows 
between  Calcutta,  West  Bengal,  and  Bihar. 

Few  further  changes  are  evidenced  in  Figxires  l8-21.  Some 
penetration  of  the  Madras  hinterland  by  Bombay  is  seen  in  Figures 
18  and  19»  In  Figure  20  the  Bihar-West  Bengal-Calcutta  triangle 
stands  Out  more  clearly.  In  Figure  21  the  effects  of  new  steel  pro¬ 
duction  in  Madhya  Pradesh  are  in  evidence.  The  Bihar -West  Bengal- 
Calcutta  industrial  belt  still  has  complex  cross-flows,  and  ships  to  the 
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Calcutta  region,  Calcutta  serves  the  Madras  hinterland,  and  West 
Bengal  that  of  Delhi,  But  the  new  steel  mills  of  Bihar  and  Madhya 
Pradesh  also  ship  to  the  port  metropoli  of  BcoGbay  and  Madras,  and 
Bonbay  in  turn  is  reestablished  as  the  node  for  its  own  hinterland. 

Several  conclusions  may  he  drawn  frcm  these  examples; 

(1)  As  production  beccmes  less  ubiquitous,  local  "field  effects" 
are  replaced  by  those  which  are  broader  in  scale,  and 
ultimately  embrace  the  nation, 

I 

Hiis  generalization  applies  to  the  flow  patterns  of  different 
conmodities  at  any  point  in  time  and  to  any  particular  ccoinodity  throu^ 
time, 

(2)  Later  stages  of  the  productive  process  (for  example, 
manufacturing)  are  more  likely  to  be  characterized  by 
complex  reg’'mal  interdependencies  than  are  earlier  stages 
(for  example,  primary  production  of  agricultural  conmodities  ), 

(Hie  interconnections  in  evidence  will  be  those  linking  metropoli¬ 
tan  and  manvifacturing  centers  together  by  multiple  cross  hauling.  This 
finding  specifies  some  of  the  conditions  under  which  complex  regional 
organization  emerges  at  higher  levels  of  economic  development. 

(3)  Certain  "field  effects"  (nodal  regions)  repeat  themselves 
in  a  variety  of  conmodities,  and  appear  to  be  stable 
throu^  time  even  though  the  part  of  the  region  serving 
as  the  node  differs  from  one  conmunity  to  another. 

The  most  notable  of  these  stable  fields  or  regions  are  the  hinter¬ 
lands  of  the  major  metropolitan  centers, 

(4)  Whereas  there  eire,  on  the  one  hand,  stable  elements  of 
structure,  on  the  other  hand  individual  commodities  may 
display  great  change  in  flow  patterns  in  relatively  brief 
periods  of  time.  Increasing  specialization,  the  emergence 

of  new  production  centers,  governmental  activity  (for  example, 
India’s  import  restrictions  on  most  commodities,  including 
iron  and  steel),  and  the  like,  have  iramediati?  and  often 
drastic  effects  ui)on  flow  structures. 

Conversely,  it  appeeirs  that  the  results  of  these  changes  may  be 
quite  predictable,  calling  for  wider  nodal  regions  or  more  pronounced  region¬ 
al  interdependencies  in  the  form  of  complex  interconnections  of  metropolitan 
centers  and  manufacturing  areas.  Thus,  just  as  networks  display  progressive 
changes  in  character  as  the  degree  of  economic  development,  and  hence 
specialization,  of  the  areas  they  serve  increases,  so  do  the  flows  over 
these  networks.  Since  increasing  proportions  of  the  flows  come,  at  higher 
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levels  of  develoinent,  froa  more  specialized  producing  areas  ajid 
involve  output  frcss  manufacturing  industry,  the  aggregate  flew  patterns 
taJse  on  wider  and  more  ccoplex  forms*  Ihese  fenms  constitute  the 
demands  for  transix>rtation  connections  which  the  transport  networks 
seek  to  supply,  and  knowledge  of  them  should  certainly  serve  to 
Improve  models  which  seek  to  predict  the  processes  of  network  growth 
and  spread. 


The  Structure  of  Local  Service  Airline  Routes 

Figures  1  and  2  displayed  the  route  structure  of  local  service 
airlines  in  Guatemala  and  Honduras.  It  was  pointed  out  that  these 
systems  appeared  to  be  in  some  way  basically  different,  since  the 
system  in  G\xatemala  seemed  to  focus  upon  Guatemala  City,  whereas  the 
Honduran  network  appeared  to  have  no  such  overall  focal  point.  Table 
21  displays  various  indices  pertaining  to  network  structure  for  these 
two  nations. 


TABLE  21 

GUATE14ALA.  AND  HONDURAS: 

INDICES  OF  LOCAL  SERVICE  AIRLINE  ROUTE  STRUCTURE 


Guatemala 

Honduras 

Number  of  nodes 

20 

32 

Number  of  routes 

20 

45 

Mean  number  of 
connect ions / node 

2.0 

2.8 

Cyclcmatic  number 

1 

14 

Gamma  index* 

10.5 

9.1 

Alpha  index* 

0.6 

3.0 

*Nonplaneu'  basis 
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It  seems  that  while  the  Ifonduran  network  is  larger  in  size  and  displays 
a  hi^er  average  nmiber  of  connections  per  node,  it  is  less  directly 
connected  than  the  Guatemalan  network^  but  on  the  other  hand  displays 
a  higher  percent redundant  routes.  These  indices  provide  seme 
infomation  about  basic  network  structure  in  the  two  countries;  but 
they  do  not  prortde  mfomiatlan  on  the  marked  visual  differences  in 
structure. 

In  a  previous  technical  report  (Reference  5)>  this  line  of  analysis 
was  pursued  further  and  two  nations  were  selected  (Argentina  and  Venezuela) 
and  the  connection  matrices  corresponding  to  their  local  service  airline 
networks  were  sxibjected  to  principal  cocqponents  analysis.  The  resiilts 
of  this  analysis  appeared  to  indicate  the  existence  of  the  foUawing 
struct\iral  characteristics: 

(1)  An  overall  field  effect  catered  upon  the  primate  city 
(Caracas  or  Buenos  Aires). 

(2)  Major  regionalization  effects  v^hich  broke  out  large 
distinctive  portions  of  the  network. 

(3)  Minor  regionalization  effects  which  isolated  specific 
structTiral  details  within  the  major  regions. 

The  factors  which  were  isolated  accounted  for  seme  38  percent  of  the 
observed  variation,  and  it  was  noted  that  in  no  case  were  "neighbor¬ 
hood  effects"  (the  notions  that  points  are  most  likely  to  be  linked 
to  their  near  neighbors)  or  the  existence  of  long  strings  or  chains 
pointed  out. 

Subsequent  analysis  has  thrown  considerable  doubt  upon  these 
earlier  concl\isions,  and  it  now  appears  that  principal  components 
aneilysis,  when  conbined  with  varimax  rotation  to  simple  structiire,  will 
only  isolate  small  clusters  of  nodes  which  display  similar  pattern  of 
direct  linkages.  This  can  be  demonstrated  through  a  reexamination 
of  the  Venezuelan  local  air  service  network.  The  network  examined 
here  (circa  19^3)  differs  frem  the  one  originally  examined 
(circa  I96I)  but  not  in  a  significant  fashion.  Seme  of  the  results 
of  the  principal  components  analysis  are  shown  in  Table  22.  Twelve 
significant  factors,  accounting  for  87.2  percent  of  the  variance,  were 
extracted  throT;igh  the  application  of  principeil  components  analysis 
with  varimax  rotation  to  simple  structure.  The  first  factor,  accoimt- 
ing  for  13.6  percent  of  the  variance,  isolated  a  group  of  five  nodes 
apparently  centering  on  Maraciabo;  the  second  factor  (11.4  percent), 
a  group  of  foiu*  nodes  lying  between  Caracas  and  Maraciabo;  the  third 
factor  (10,9  percent),  an  isolated  group  of  foiir  nodes  south  of  Caracas, 
etc.  The  first  seven  of  these  minor  regions  are  dis{)oint,  but  factors 
8  arid  9  identify  clusters  cf  nodes  which  overlap  slightly  with  previous¬ 
ly  identified  groups. 

Factor  3  provides  a  fairly  clcTr-cut  case  in  point.  Nodes  17 
and  18  have  identical  patterns  of  direct  connection  to  and  from  the 
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TABLE  22 


ROTATED  FACTOR  LOADINGS  -  COIOfECTION  MAORIX 
VENEZUELAN  AIR  ROUTES  -  I963 


P&ctor* 


Variable 

'  1 

2 

3 

4 

5 

1.  Caracas 

-0.177 

0.036 

0.005 

0.146 

0.240 

2.  Las  Fiedras 

0.132 

0.015 

0.013 

0.019 

0.078 

3.  Maracaibo 

0.743 

-0.053 

0.069 

0.070 

0.003 

4.  Coro 

-0.176 

0.327 

0.166 

0.191 

-0.165 

5 .  Porto  Cabello 

-0.073 

0.803 

0.044 

0.047 

0.049 

6.  Barquismeto 

0.023 

0.341 

0.035 

0.030 

0.049 

7.  Valera 

0.094 

-0.170 

0.112 

0.104 

-0.130 

8.  Sta.  Barbara 

0.909 

-0.052 

0.096 

0.098 

-0.080 

9.  Casigixa 

0.894 

0.031 

0.077 

0.082 

-0.062 

10.  Merida 

0.047 

-0.163 

0.117 

0.113 

-0.127 

11.  Barinas 

0.087 

0.243 

-0.119 

-0.538 

0.227 

12.  San  Antonio 

0.726 

-0.144 

0.111 

0.109 

-0.109 

13.  St.  Domingo 

-0.151 

-0.193 

0.145 

-0.4l6 

-0.133 

l4.  Guasdualito 

-0.147 

-0.153 

0.150 

-0.836 

-0.134 

15.  Palmarito 

-0.078 

-O.COl 

0.074 

-0.909 

-0.061 

16.  San  Fernando 

-0.019 

0.062 

-0.955 

0.001 

0.085 

17.  Caicara 

-0.093 

-0.065 

-0.810 

0.097 

-0.086 

18.  Puerto  Paez 

-0.093 

-0.065 

-0.810 

0.097 

-0.086 

19.  Puerto  Ayacucho 

-0.103 

-0.075 

-0.950 

0.111 

-0.103 

20.  Valle  de  la  Pascua 

-0.026 

0.053 

-0.002 

0.009 

o.o4o 

21.  Anaco 

-0.080 

-0.037 

0.074 

0.095 

0.048 

22.  Barcelona 

-0.108 

-0.053 

0.098 

0.113 

0.827 

23.  Ciunana 

-0.030 

0.050 

0.008 

0.012 

0.967 

24.  Porlamar 

-0.l4l 

-0.113 

0.l4l 

0.154 

0.765 

25.  Guiria 

-0-096 

-0.062 

0.094 

0.095 

-0.033 
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TABLE  22  -  Continued 


Variable 

Factor* 

1 

2 

3 

4 

5 

26.  Pedemales 

-0.084 

-0.062 

0.086 

0.090 

-0.068 

27  •  Maturin 

-0.070 

0.018 

0.058 

0.057 

0.250 

26.  Tucupita 

-0.088 

-0.057 

0.090 

0.093 

-0.075 

29*  San  Tome 

-0.186 

-0.207 

0.201 

0.233 

0.236 

30.  Cuidad  Bolivar 

-0.151 

-0.122 

0.158 

0.168 

-0.056 

31.  Puerto  Qrdaz 

-0.097 

-0.047 

0.093 

0.093 

-0.073 

32.  El  Dorado 

-0.086 

-0.045 

0.085 

0.084 

-0.067 

33*  Canalma 

-0.056 

-0.011 

0.054 

0.051 

-0.059 

3^.  Icabaru 

-0.106 

-0.068 

0.105 

0.109 

-0.087 

35*  Santa  Elena 

-0.084 

-0.052 

0.085 

0.087 

-0.064 

36.  San  Felipe 

-0.149 

0.875 

0.l40 

0.149 

-0.133 

37*  Carupano 

-0.149 

-0.071 

0.l40 

O.lOO 

0.214 

38.  Elorza 

-0.094 

-0.073 

0.105 

-0.867 

-0.089 

Percent  of  Comnunality 
over  all  Variables 

13.6  11.4  10.9  9-9 

7.7 

♦Only  the  first  five  out 

of  twelve  significant  factors  are 

shown  here. 
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network;  nodes  l6  and  19  are  nearly  identical,  and  eeu:h  is  quite 
siailar  to  17  and  l8  (see  colums  in  Table  23).  No  other  nodes  in 
the  system  have  a  similar  pattern  of  direct  connections.  Die  four 
nodes  in  question  edl  load  heavily  upon  factor  3»  and  no  other  node 
or  group  of  nodes  does  so,  ihe  analysis  is  evidently  heavily  liased 
by  the  (relatively)  large  number  of  zero  elements  in  the  connection 
matrix. 


It  would  appear  that  this  luroblem  might  be  avoided,  at  least 
in  part,  if  a  denser  matrix  were  the  subject  for  analysis.  For  a 
given  network  a  matrix,  P,  with  zeros  only  along  the  main  diagonal 
may  be  generated  by  setting  P. .  equal  to  the  miniania  manber  of 
edges  passed  over  in  going  frM  node  i  to  node  j.  P  is  conmonly 
referred  to  as  the  'fchortesbpath  matrix”. 


TABLE  23 

SUBNET  CONNECTI(»}S  AND  LOADILIS 


Node 

16 

17 

18 

19 

Loading,  on 
Factor  Ihree* 

16 

- 

X 

X 

X 

-0.955 

17 

X 

- 

X 

-0.810 

18 

X 

- 

X 

-0.810 

19 

X 

X 

X 

-0.950 

♦Percent  of  coomunality  over  all  factors,  10,9  percent. 


Note:  All  other  connections  are  identical  except  that 
node  l6  is  also  linked  to  Caracas. 


Ihe  shortest  path  matrix  for  the  Venezuelan  network  was 
developed  (Reference  32)  and  was  s\ibjected  to  the  same  form  of 
analysis  as  the  connection  matrix.  Ihe  rotated  factor  loadings  are 
displayed  in  Table  24,  Here,  five  significant  factors  explaining 
some  92  percent  of  the  variance  were  isolated  (versus  12  factors  and 
87percent  in  the  previous  case).  Biis  analysis  classifies  nodes 
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TABLE  2k 


ROTATED  FACTOR  LOADINGS  -  SHORTEST  PABI  MAORIX 
VENEZUELAN  AIR  ROUTES  -  I963 


Factor 


Variable 

1 

2 

3 

4 

5 

1.  Caracas 

0.692 

"0.157 

0.294 

-0.511 

-0.374 

2.  Las  Piedras 

0.859 

-0.027 

0.155 

-0.333 

-0.221 

3.  Maracaibo 

0.940 

0.032 

0.086 

-0.224 

-0.161 

4.  Coro 

0.809 

0.027 

0.107 

-0.313 

-0.146 

5 .  Porto  Cabello 

0.676 

-0.075 

0.220 

-0.468 

-0.267 

6.  Barqulsmeto 

0.859 

-0.031 

0.165 

-0.349 

-0.216 

7.  Valera 

0.931 

0.047 

0.070 

-0.198 

-0.111 

8.  Sta.  Barbers 

0.941 

0.093 

0.015 

-0.127 

-0.099 

9.  Caslgua 

0.943 

0.136 

-0.038 

-0.o49 

-0.046 

10.  Merida 

0.944 

0.072 

0.036 

-0.146 

-0.103 

11.  Barlnas 

0.452 

0.047 

0.776 

-0.340 

-0.191 

12.  San  Antonio 

0.955 

0.090 

0.017 

-0.125 

-0.094 

13.  St.  Domingo 

-0.010 

0.330 

0.923 

0.007 

0.084 

l4.  Guasduallto 

0.046 

0.292 

0.946 

-0.035 

C.055 

15.  Palmar  It  0 

0.187 

0.208 

0.938 

-0.142 

-0.025 

16.  San  Fernando 

0.455 

0.001 

0.127 

-0.841 

-0.218 

17.  Calcara 

0.352 

0.059 

0.061 

-0.888 

-0.157 

18.  Puerto  Paez 

0.352 

0.059 

0.061 

-0.888 

-0.157 

19.  Puerto  Ayacucho 

0.326 

0,077 

0.043 

-0.909 

-0.l40 

20.  Valle  de  la  Pascua 

0.628 

-0.188 

0.292 

-0.497 

-0.345 

21.  Anaco 

0.606 

-0.220 

0.288 

-0.486 

-0.343 

22.  Barcelona 

0.384 

-0.338 

0.090 

-0.302 

-0.766 

23.  Cumana 

0.507 

-0.004 

0.179 

-0.387 

-0.687 

24 .  Porlamar 

0.229 

-0.151 

-0.009 

-0.182 

-0.918 

25 .  Gulrla 

0.119 

-0.477 

-0.100 

-0.083 

-0.800 
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2k  -  Continued 


Factor 


Variable 

1 

2 

3 

4 

5 

26.  Pedernales 

0.193 

-0.635 

-0.021 

-0.146 

-0.618 

27.  Maturin 

0.250 

-0.669 

-0.018 

-0.191 

-0.642 

28.  Tucupita 

0.160 

-0.679 

-0.C30 

-0.121 

-0.588 

29.  San  Tone 

0.338 

-0.366 

0.110 

-0.302 

-0.672 

30.  Cuidad  Bolivar 

-0.023 

-0.900 

-0.193 

-0.015 

-0.354 

31.  Puerto  Qrdaz 

0.051 

-0.830 

-0.124 

-0.051 

-0.466 

32.  El  Dorado 

-0.163 

-0.893 

-0.314 

0.085 

-0.161 

33.  Canaima 

-0.063 

-0.885 

-0.189 

0.019 

-0.316 

3^.  Icabaru 

-0,2kh 

-0.835 

-0.384 

0.144 

-0.040 

35.  Santa  Elena 

-0.281 

-0.787 

-0.417 

0.170 

0.017 

36.  San  Felipe 

0.623 

-0.037 

0.182 

-0.436 

-0.225 

37 .  Carupano 

0.086 

-0.381 

-0.128 

-0.062 

-0.883 

38,  Elorza 

0.077 

0.268 

0.91^5 

-0.059 

0.038 

Percent  of  Comniunality 

over  all  Factors 

1^6.6 

27.3 

9.3 

5.4 

3.4 
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iq>on  the  basis  of  similarity  in  their  profiles  of  accessibility  from 
the  system.  Again  the  factors  break  o\it  groups  of  nodes,  but  this 
time  the  groups  are  larger  and  they  tend  to  correspond  somewhat  more 
closely  to  the  visual  impression  we  receive  of  network  structure.  Factor 
1  isolates  a  ma;}or  group  of  nodes  centered  on  the  Caracas -Mar  aciabo 
8ucis  and  identifies  this  as  a  major  structural  component  of  the  network. 
Factor  2  points  oxit  a  cl\ister  of  nodes  in  the  SE  which  are  tributary 
to  Maturin;  factors  3  and  4  break  out  smallei ,  isolated  clusters  lying 
south  and  southwest  of  Caracas;  while  factor  5  isolates  a  small  region 
in  the  northeast  lying  between  Maturin  and  Cauracas;  this  latter  region 
shows  a  small  degree  of  overlap  with  the  group  of  nodes  isolated  by 
factor  2, 

Hie  restructuring  of  the  basic  data  matrix  appesors  to  have 
eliminated  seme  of  the  problems  encountered  in  the  earlier  analysis, 
but  the  results  noted  here  should  not  be  classed  as  more  than  a 
tentative  structure  until  the  problem  has  been  more  fully  investigated. 


Concluding  Remarks 


Hie  material  discussed  in  this  chapter  has  dealt  with  theo¬ 
retical  and  empirical  investigations  of  what  has  been  temed  the  internal 
structure,  or  layout,  of  transport  netw'orks.  Hie  problem  was  one  that 
had  received  only  cursory  attention  in  the  past  and  the  present  investi¬ 
gations,  while  iiliminating  certain  points,  have  failed  to  provide  an 
entirely  satisfactory  set  of  results.  Part  of  the  problem  appears  to 
lie  in  the  line  of  attack  which  was  chosen;  the  graph-theoretic  model 
of  network  structure  has  proved  to  be  strong  in  seme  areas,  but  dis¬ 
appointingly  weak  in  others.  Hie  loss  of  infonnation  about  the 
angular  characteristics  of  the  network  has  prevented  us  from  attaining 
certain  of  our  research  goals  —  the  analogy  drawn  between  the  indices 
used  in  the  present  study  and  the  moments  of  a  frequency  distribution 
still  holds,  we  have  about  as  much  information  as  might  be  provided  by, 
say,  only  the  first  central  moment. 

While  much  of  the  investigative  effort  devoted  to  this  topic 
has  not  been  as  productive  as  was  originally  hqped,  the  work  has 
nevertheless  provided  a  number  of  invaluable  guidelines  for  future 
explorations  of  this  topic. 
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IV.  F(»ECASTI«G  EETAILEa)  STRIXJTURE 


Previous  chapters  liave  identified  the  types  of  information 
about  the  structiire  of  transportation  systems  that  may  be  derived 
from  a  knowledge  of  general  areal  characteristics.  This  information 
includes  notions  regarding  stock  levels,  numbers  of  modes  and  edges 
in  the  system  etc.,  as  well  as  certain  generalizations  relating  to 
regionalization  patterns  within  the  overall  network.  Ckie  of  the 
earlier  studies  (Garrison  and  Marble,  Reference  4)  also  noted  that 
it  was  apparently  possible  to  "explain"  many  observed  direct  links 
in  networks  on  the  basis  that  only  nearby  towns  were  directly  con¬ 
nected.  The  present  chapter  outlines  some  further  studies  (Boyce, 
Reference  2)  which  were  conducted  to  examine  further  the  basic 
details  of  network  structure. 

The  research  undertaken  addressed  itself  to  an  examination 
of  the  pattern  of  direct  connections  between  nodes  on  the  system. 

The  basic  approach  was  to  ask  first  to  what  extent  the  direct  con¬ 
nections  could  be  described  by  what  was  termed  a  regional  nearest 
neighbor  model,  and  secondly  to  determine  to  vhat  extent  a  specific 
network  could  be  generated  from  a  predefined  set  of  nodes  using 
these  same  concepts. 


Theoretical  Basis 


An  Introduction  to  Nearest  Neighbor  Methods 


Consider  the  space  or  plane  surrounding  each  point  i,  where 
i  is  any  point  located  on  that  plane.  One  means  of  describing  the 
relationship  between  point  i,  and  other  nearby  points  j,  is  to 
arrange  the  j  points  in  order  of  their  distance  as  measured  from 
point  i.  The  closest  point  to  i  is  then  designated  the  first 
nearest  neighbor  of  point  i.  Similarly,  the  second,  third,  ...n-th 
nearest  points  are  the  second,  third,  ...n-th  nearest  neighbors. 

The  technique  of  point  pattern  description  which  operates  in  this 
manner  is  quite  similar  to  the  measurement  techniques  utilized  in 
the  order  method  nearest  neighbor  statistics. 

A  variation  on  the  order  method  measurements  may  be  defined 
by  dividing  the  space  or  plane  surrounding  point  i  into  a  number  of 
regions.  In  this  context,  the  region  has  an  area  equal  to  every 
other  region,  and  each  region  borders  on  the  point  i.  The  method  of 
sectoring  which  provides  this  unique  set  of  n  regions  is  accomplished 
by  extending  ra dials  outward  from  i  such  that  the  included  angle  between 
each  pair  of  adjacent  radials  is  equal.  In  order  to  define  the  regions 
in  a  general  manner,  and  so  as  not  to  bias  the  resulting  regional  dis- 
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tributions,  the  direction  of  the  initial  radial  is  determined  in  a  random 
manner.  Hie  points  falling  into  the  regions  surrounding  the  point  i 
are  called  regional  near  neighbors  of  i. 

Near  neighbor  measurements  are  a  means  of  describing  spatial 
patterns  by  evaluating  distances  between  nearest  and  other  near  neigh¬ 
bors  in  a  point  distribution.  Hiese  methods  are  a  part  of  a  larger 
literature  on  statistical  pattern  analysis  first  developed  by  statis¬ 
tical  ecologists.  In  the  context  of  the  present  study,  the  consideration 
of  nearest  neighbor  methods  is  confined  to  a  two-dimensional  unbounded 
space,  possessing  the  metrical  properties  postulated  in  Euclidean 
gecxnetry.  Hie  location  of  each  point,  i,  (i  =  1,2,3... n)  in  this  space 
is  given  by  the  co-ordinates,  Xj^,y^.  Hie  distance  between  two  points, 
i  and  j,  is: 

••ij  =  [(=1  -  +  (^1  - 

and 


Hie  space  surrounding  each  point,  i,  is  partitioned  into  K  equal 
size  regions  or  sectors,  and  the  point,  i,  is  known  as  the  centroid  of 
the  set  of  regions.  For  K  equal  to  1,  the  region  is  the  entire  space. 

For  K  equal  to  2,  each  region,  and  ko,  is  a  half -space,  and  so  forth. 
For  any  centroid,  the  nearest  neighbor  in  the  k^“  region  (k  =  1,2,3,.. 
of  a  plane  divided  into  K  regions  is  designated  j(k/K).  Hie  labels  are 
assigned  in  a  specified  manner  to  conform  to  the  following  rules: 

(1)  Within  any  region,  k,  the  j  labels  satisfy  the  rule, 
r^^(k/K)  =  rj2(k/K)  =  ...  =  r.j^(k/K):(k  =  1,2,. ..,K). 

(2)  Among  the  k  neighbors  of  order,  j,  the  labels  satisfy  the 
rule, 

r^j(l/K)  =  r.j(2/K)  =  ...  =  r.^(K/K):(j  =  1,2,..., n). 

Hie  labels  can  only  be  assigned  after  the  space  has  been  partitioned. 


Transportation  Networks  in  a  Nearest  Neighbor  Context 

A  transportation  network,  in  the  simplest  sense,  consists  of  a 
set  of  nodes  and  links.  A  node  (intersection,  center,  or  junction) 
represents  the  end  of  one  link  or  the  coincident  ends  of  two  or  more 
links,  and  has  a  specified  location  in  space.  A  link  (route  or  con¬ 
nection)  is  a  line  segment  which  joins  a  pair  of  nodes.  The  combination 
of  these  two  primitives,  nodes  and  links,  may  be  taken  to  represent 
a  simple  model  of  a  transportation  network. 


Hie  analysis  to  be  developed  here  attempts  to  indicate  which 
pairs  of  nodes  are  connected  in  terns  of  two  variables,  the  nmiber  of 
links  per  node,  a,  and  the  rranber  of  regions  per  node,  K.  The  ntanber 
of  links  per  node,  known  as  the  degree  of  a  node,  is  a  ’simple  measure 
of  network  structiare  and  connectivity,  and  is  si^ly  the  nimiber  of 
links  which  end  at  one  point.  Hie  number  of  regions  per  node,  K, 
refers  to  the  nearest  nei^bor  notion  of  partitioning  the  area  "* 
around  a  node  into  K  equal  sized  regiems.  Together,  these  two 
variables  provide  a""simple  means  of  describing  or  classifying  which 
psiirs  of  nodes  6ure  linked, 

Cemsider  a  node  of  degree  a  which  acts  eis  the  centroid  of  a 
two-dimensional  space  which  has  b¥en  sectored  into  K  regions.  Pro¬ 
viding  K  is  sufficiently  large,  the  following  statement  will  be 
true.  "Hiere  exist  a  regions  in  which  the  first  regional  nearest 
neither,  l(k/K),  i7  linked  to  the  centroid,  and  (K-a)  regions 
in  which  no  link  occurs.  As  the  number  of  regions*”i‘s  reduced,  the 
probability  tiiai,  a  region  will  contain  more  than  one  link  increases, 
this  probability  being  a  function  of  the  included  angle  between 
the  links.  But,  the  descriptive  ability  of  regional  nearest  neigh¬ 
bor  measures  tends  to  increase  as  the  number  of  regions  is  reduced, 
in  that  the  same  link  relationships  are  described  by  a  fewer  number 
of  regions;  however,  to  the  extent  that  more  than  one  link  falls  in 
a  region,  the  description  is  less  meaningful.  As  the  number  of 
regions,  K,  approaches  the  number  of  links  or  degree  of  the  node,  a, 
the  link  relationships  are  more  and  more  precisely  described,  ” 

Hie  links  or  connections  may  be  classified  according  to 
whether  they  connect  the  centroid  to  the  first,  second,  third,,,, n 
regional  nearest  neighbor.  Further,  if  more  than  one  link  occurs  in 
a  given  region,  then  the  shortest  link  (the  link  to  the  nearest 
neighbor)  is  designated  the  first  link,  and  the  second  shortest  link 
is  designated  the  second  link,  etc.  If  for  a  given  node,  the 
nimiber  of  regions  is  equal  to  the  degree  of  that  node,  and  each 
region  contains  one  link  connecting  the  centroid  to  the  first 
regional  nearest  neighbor,  then  in  the  present  context  the  centroid 
is  termed  completely  nearest  neighbor.  For  certain  types  of  trans¬ 
portation  networks  such  as  the  cemmOT  rectangular  street  system, 
all  nodes  are  specified  by  the  description  cocqiletely  nearest  neigh¬ 
bor  since,  in  the  case  mentioned  fof  example,  the  degree  is  equal 
to  the  number  of  regions,  a  =  and  each  link  connects  the 

centroid  to  its  first  regional’nearest  nei^bors. 

One  means  of  describing  the  link-node  characteristics  of  trans¬ 
portation  networks  is  to  examine  the  extent  to  which  the  links  connect 
first  regional  nearest  neighbors,  when  the  number  of  regions  is 
carried  from  one  to  K,  where  K  is  large  coo5)ared  to  the  highest  degree 
of  node  on  the  network, 

If  the  number  of  regions  is  less  than  the  degree  of  the  node, 
then  some  special  considerations  must  be  introduced.  For  this  pur- 
pos3,  the  possible  number  of  links  to  the  first  regional  nearest 
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neighbor  is  defined  as  eqtial  to  the  nixnber  of  reglcms  used,  or  the 
degree  of  the  node,  vhlchever  is  smaller.  For  example,  vith  a  node 
of  degree  fo\tr  and  only  two  regions,  it  is  apparent  that  only  two  of 
the  four  links  can  connect  the  centroid  to  its  first  regional  nearest 
neighbors;  whereas  if  four  regions  were  used,  all  four  linkd  would 
connect  the  centroid  to  its  first  regional  nearest  neighbors.  Hie 
possible  nunber  of  links,  then,  constitvctes  a  ceiling  on  the  nunber 
of  links  which  may  connect  first  regional  nearest  nei^bors  to  the 
centroid.  "By  varying  the  nuBber  of  regions,  k,  between  one  and  K, 
e.  general  description  of  the  link-nodes  relatTonships  on  the  network 
may  be  obtained. 


A  lypothesis  on  the  Structure  of  Transportation  Networks 

The  use  of  regional  nearest  neighbor  measures,  as  described 
above,  provides  a  basis  for  making  some  general  assertions  regarding 
the  structure  of  transportation  networks.  For  certain  types  of  net¬ 
works,  such  as  the  rectangular  grid  system  cited  above,  the  state¬ 
ment  that  the  network  is  completely  nearest  neighbor  is  sufficient 
to  describe  all  the  existing  link-node  relationships.  Generalizing 
from  this  specific  case  to  that  of  any  transportation  network,  the 
hypothesis  is  set  forth  that  the  link-node  relationships  on  any  net¬ 
work  tend  to  be  completely  nearest  neighbor. 

Hiis  hypothesis  provides  a  basis  for  studying  existing  trans¬ 
portation  networks.  The  completely  nearest  neighbor  hypothesis  also 
provides  a  basis  for  the  generation  of  synthetic  transportation  net¬ 
works  in  the  following  manner.  Given  an  estimate  of  the  degree  of 
each  of  the  nodes  on  the  network  in  question,  the  basic  generation 
procedure  requires  that  each  node  be  connected  to  its  first  regional 
nearest  neighbors  in  such  a  fashion  that  the  resulting  number  of 
connections  is  eq\ial  to  the  degree  of  the  node.  A  number  of  detailed 
procedures  for  this  synthetic  network  generation  are  developed  in 
Boyce,  Reference  2, 

Ihe  tendency  of  a  transportation  network  to  be  completely  near¬ 
est  neighbor  may  well  be  due  in  part  to  the  spatial  distribution  of 
the  nodes.  As  noted  above,  aunifonn  node  distribution  such  as  the 
rectangular  grid  street  system  produces  a  completely  nearest  neigh¬ 
bor  network.  However,  nodes  which  are  distrib\ited  randomly,  or  in 
clustered  patterns,  may  deviate  significantly  from  this  characteristic. 


JBipirlcal  Analysis 


The  Northern  Ireland  Rail  Network 


The  network  chosen  for  examination  was  the  railroad  network  of 
Northern  Ireland  in  the  year  I9OO.  Biis  network  was  chosen  primarily 
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because  it  had  been  used  in  previous  research  on  a  related  problem, 
end  for  this  reason  data  were  readily  available,  (Garrison  and 
Marble,  Reference  4.)  liie  information  available  from  the  previous 
research  consisted  of  network  maps  for  the  six  counties  making 
up  Northern  Ireland,  for  10-year  intervals,  beginning  in  I85O  and 
continuing  mtil  19^ >  with  an  additional  mar  for  the  i960  net¬ 
work.  Also,  the  populations  of  all  cities  and  towns  in  Northern 
Ireland  were  available  on  a  10  year  basis  for  those  towns  whose 
populations  exceeded  I500  at  any  census  between  I85I  and  1951.  Ihe 
railroad  network  for  the  year  I9OO  was  chosen  from  this  body  of  avail¬ 
able  information  since  this  period  represented  the  most  extensive 
developaent  of  the  Ulster  Railway  System.  Since  I9OO  the  network 
has  diminished  considerably  in  extent.  Inasmuch  as  the  t  lation 
of  most  Northern  Ireland  towns  has  declined  since  I9OO,  1  nearly 
every  case  the  population  of  the  towns  for  wh^'ch  data  are  available 
exceeded  I500  persons  in  1900,  In  a  later  phase  of  the  study,  pop¬ 
ulation  data  for  towns  exceeding  500  population  in  I89I  became  avail¬ 
able. 


In  accordance  with  the  populsition  data  available  at  the  time 
these  analyses  were  made,  the  threshold  population  required  for  a  town 
to  be  entered  as  a  node  on  the  railroad  network  was  set  at  1500  per¬ 
sons,  attained  between  I85I  and  1951,  This  value  resulted  in  46 
urban  areas  being  defined  as  nodes  on  the  rail  net.  An  additional 
21  nodes  were  also  placed  on  the  network  due  to  their  function  as 
a  jxjnction  or  a  terminal  of  a  route,  Ihiis,  a  total  of  6?  nodes 
was  defined  for  the  network.  Railroad  routes  passing  not  more  than 
1  mile  from  a  town  of  over  I500  population  were  taken  as  direct 
links  to  that  town;  otherwise,  the  town  was  considered  not  on  that 
route.  In  the  case  of  jimctions  occurring  within  2  miles  of  a 
designated  node,  the  node  was  taken  to  be  the  jtmction  and  the  corre¬ 
sponding  links  drawn  directly  to  that  node. 


Analysis  of  the  Northern  Ireland  Rail  Net 


The  regirnal  nearest  neighbor  measures  were  used  to  examine 
the  link-node  relationships  on  the  Northern  Ireland  rail  net,  A 
computer  program  was  written  to  perform  the  reqtdred  computations. 
Briefly,  the  operations  performed  by  this  program  are  as  follows: 

(1)  A  random  angle  between  1  and  36O  degrees  is  generated 
for  the  purpose  of  orienting  the  regional  boundaries, 

(2)  Hie  area  around  each  node  (centroid)  is  sectored  into 
K  regions,  where  the  sectors  are  randomly  oriented. 

For  the  purpose  of  the  network  analyzed  here,  K  was 
varied  from  one  to  six  regions, 

(3)  Hie  distance  and  the  direction  from  the  centroid  to  all 
other  nodes  in  the  system  is  computed. 
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(*♦)  Every  node  is  entered  in  a  tai)le  In  wliich  the  rows  corre¬ 
spond  to  the  K  regions,  and  the  nodes  are  arranged  in  order 
of  their  distance  from  the  centroid. 

With  this  program  it  was  possible  to  generate  rapidly  for  each 
node  six  sets  of  regions,  one  set  for  each  value  of  K  (k  =  1,,,,,6). 
Each  table  of  nodes  produced  by  the  above  steps  specTfies  the  first, 
second,  •••  sixth  regional  nearest  nei^bors  for  each  region.  Using 
these  tables,  the  regional  order  of  those  nodes  linked  to  the  centroid 
was  then  identified.  In  those  cases  where  two  nodes  in  the  same  region 
were  linked  to  the  centroid,  the  links  were  designated  as  first  or 
second  links  according  to  their  lengths.  In  the  case  of  k  =  1,  that 
is,  only  one  region,  first,  second,  ...  a  such  links  were  identified, 
where  a  is  equal  to  the  degree  of  the  node,  ahe  regional  order  of 
those  nodes  linked  to  the  centroid  was  tabulated  for  nodes  of  each 
degree  and  for  each  set  of  regions. 

Since  the  sectors  were  randomly  oriented  on  each  centroid,  the 
tables  of  regional  nearest  neighbors  produced  by  the  analysis  may  vary 
sli^tly  each  time  the  sectors  are  laid  down.  Experience  in  using 
a  six-sector  system  indicates  that  the  distribution  of  the  regional 
order  of  the  linked  nodes  fluctuates  only  very  sli^tly  for  differ¬ 
ent  orientations  of  the  region  boundaries.  While  it  might  have  been 
somewhat  more  desirable  to  conduct  a  large  number  of  trials  and  then 
average  the  results  in  order  to  determine  the  regional  order  of  each 
linked  node,  it  was  felt  that  modest  variations  noted  in  the  six- 
sector  case  did  not  jxistify  the  additional  research  effort. 


Results  of  the  Regional  Nearest  Nei^bor  Measures 


A  table  is  presented  in  this  section  in  order  to  display  the 
results  of  the  analysis  of  the  Northern  Ireland  railroad  network,  using 
the  regional  nearest  neighbor  measures.  In  evaluating  these  results, 
the  reader  should  recall  the  discussion  of  the  completely  nearest 
neighbor  hypothesis  for  the  study  of  link-node  reHatlons  in  a  trans¬ 
portation  network.  Ihis  hypothesis  states  that  when  the  number  of  regions 
is  equal  to  the  degree  of  the  node,  the  links  of  a  transportation  net¬ 
work  tend  to  connect  nodes  which  are  first  reglona].  nearest  neighbors. 

Table  25  is  the  significant  portion  of  a  Tuarger  table  summariz¬ 
ing  the  link-node  relationships  for  nodes  of  degree  1  through  4  and  for 
the  six  sets  of  regions  containing  one  through  six  sectors.  Listed 
down  the  left  edge  of  the  table  are  six  major  rows  representing 
the  six  sets  of  regions  with  one,  two,  three,  four,  five,  and  six 
sectors.  Each  of  these  six  regional  sets  is  further  differentiated 
in  terns  of  the  number  of  nodes  of  degree  1,  2,  3j  4  and  the  total 
number  of  nodes.  The  first  meiin  column  of  the  table  shows  the  nmber 
of  link  ends  for  each  sector  and  degree  classiflcatjon.  This  is  simply 
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the  nuniber  of  links  per  node,  or  the  degree  of  the  node,  auLltlplied 
by  the  nuaber  of  nodes  of  that  degree.  Coapletlng  the  headings  at 
the  top  of  the  table  are  tvo  na  jar  divisions  based  cm  linkage  rela* 
tionships.  The  first  major  cobumn  represents  the  number  of  nodes 
which  are  linked  to  their  first,  second,  third  or  higher  regional 
nearest  neighbor  by  the  first  (that  is,  shortest)  link  in  that  re> 
gion.  The  second  major  column  indicated  the  number  of  nodes  which 
are  linked  to  the  various  regional  nearest  nei^bors  by  the  second 
shortest  link  in  that  region.  Both  major  columns  have  a  single 
column  headed  "Beyond"  in  which  are  sumnarized  all  linked  neighbors 
beyond  the  last  order  listed.  Tvo  additional  major  columns,  the 
nuoiber  of  nodes  with  the  third  link  to  each  regional  nearest  neighbor 
and  the  number  of  nodes  with  the  fourth  link  to  each  regional  nearest 
neighbor  are  omitted  from  this  table,  but  the  information  they  con¬ 
tain  is  summarized  in  the  column  headed  "All  Otb.er  Links". 

As  an  example  of  how  to  use  the  table,  take  the  third  major 
row  where  K  -  3  (that  is,  the  three-region  system) .  Now  examine  the 
line  dealing  with  nodes  of  degree  U.  Ibere  are  six  nodes  of  degree  k 
or  2k  links  associated  with  these  nodes.  Looking  across  this  row, 
note  that  l6  of  the  2k  link  ends  are  connected  to  a  first  nearest 
neighbor  in  one  of  the  three  regions.  One  link  bypasses  the  first 
nearest  neighbor.  In  seven  regions,  tvo  links  per  region  are  observed. 
These  seven  second-order  links  are  entered  in  the  second  major  column 
with  three  links  to  the  second  nearest  neighbor  in  a  region  and  one 
link  each  to  a  third  fnd  fourth  regional  nearest  nelghbcnr.  Finally, 
two  links  are  entered  in  the  summary  "Beyond"  column.  Inasmuch  as 
only  three  regions  were  used  in  this  analysis  of  nodes  of  degree  U, 
it  is  only  possible  for  eighteen  links  to  be  classified  as  first 
links.  In  other  words,  the  sectoring  system  requires  that  at  least 
six  links  share  a  region  with  six  of  the  first  eighteen  links.  Ihe 
table  entries  indicate,  however,  that  only  seventeen  of  the  eighteen 
regions  were  occupied  by  a  first  link,  which  in  turn  indicates  that 
one  region  had  no  link  at  all.  In  a  similar  manner,  each  row  entry 
in  the  table  indicates  the  total  number  of  links  of  first  and  second 
order,  and  the  regional  order  of  the  nodes  to  which  they  are  connected. 


Generation  of  Synthetic  Networks 

Ihe  analysis  of  the  Nortliern  Ireland  raii  net,  and  subsequent 
work  reported  in  Boyce  (Reference  l4)  suggestq  certain  procedures 
which  might  be  adopted  for  the  generation  of  synthetic  networks.  IHiese 
procedui'ee  rely  chiefly  upon  the  observation  that  nodes  in  a  transport 
system  tend  to  be  linked  to  their  first  regional  nearest  neighbors.  A 
number  of  strategies  based  upon  this  regularity  may  be  set  forth,  but 
only  one  approach  will  be  detailed  here.  Early  in  the  course  of  the 
research  study  on  the  generation  of  networks,  it  was  necessary  to 
pick  out  one  combination  of  the  various  degree  assignment  and  link 
allocation  methods  discussed  above  for  develoiment  and  use  on  the 
networks  being  examined.  After  some  additional  experimentation,  a 
decision  was  made  to  develop  a  method  of  estimating  the  final  degree 
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of  the  node  as  a  function  of  two  variables  the  local  characteris¬ 
tics  of  the  node,  in  this  case,  and  the  position  of  the  node  %rith 
re8i)ect  to  the  other  nodes  on  the  network.  IMs  decision  in  turn 
ifliplied  that  the  link  allocation  procedure  would  be  of  a  type  which 
reqtiired  that  the  degree  of  the  node  raoain  fixed  during  the  alloca¬ 
tion  process.  Also,  since  the  degree  of  the  node  would  be  given  as 
an  input  to  the  link  allocation  procedure,  it  was  decided  to  set  a 
nunber  of  regions  equal  to  the  degree  of  each  node.  During  the  course 
of  the  study,  the  ex'forts  to  develop  a  method  of  degree  estimation 
and  a  method  of  link  allocation  were  carried  on  concurrently,  iliis 
procedure  was  x>ossible  since  the  degree  of  the  nodes  on  the  Ulster 
rail  net,  which  was  being  used  as  an  experimental  network  in  the 
development  of  these  methods,  could  be  taken  as  a  direct  input  to 
the  link  allocation  procedure,  ihe  results  of  the  study  to  develc^ 
a  method  of  degree  estimation  are  reported  in  Boyce  (Reference  lU). 


Link  Allocation  Procedures 


The  question  of  link  allocation  in  the  generation  of  synthetic 
transportation  networks  may  be  treated  as  a  question  of  which  pairs  of 
nodes  shotild  be  connected  when  the  degree  or  nunsber  of  links  per 
node  is  given.  The  link  allocation  procedure  is  based  upon  the  first 
regional  nearest  neighbor  regularity  observed  in  actual  transportation 
networks.  Althou^  when  the  nisnber  of  regions  eqvials  the  degree  of 
the  node,  67-73  percent  of  all  links  do  connect  nodes  to  their  first 
regional  nearest  nei^bors,  there  remains  seme  25-30  percent  of  the 
links  which  are  observed  as  comecting  second,  third,.. .regional 
nearest  neighbors.  Thus,  the  link  allocation  procedure,  while 
based  on  the  first  regional  nearest  neighbor  regularity,  must  also 
account  for  certain  deviations  from  this  tendency.  The  link  allocation 
procedures  investigated  in  this  chapter  are  designed  to  simulate 
these  deviations  from  the  basic  first  regional  nearest  neighbor  lule 
by  varying  the  order  in  which  the  nodes  are  taken  up  as  centroids. 

A  trial  and  error  process,  of  network  generation,  in  which  the 
order  of  the  nodes  and  the  number  of  links  allocated  in  each  itera¬ 
tion  varied  from  one  trial  to  the  next,  was  used  to  develop  the  link 
allocation  methods  proposed  here.  In  the  develojment  of  these 
methods  many  trials  were  run,  several  of  which  resulted  in  comparatively 
poor  networks,  b\it  which  provided  ideas  for  new  trials  and  experiments. 
Three  of  the  more  successful  examples  are  presented  in  this  chapter, 
together  with  an  outline  of  the  generating  procedure  \ised  to  produce 
each  synthetic  network. 

The  basic  link  allocation  procedure  used  in  all  of  the  trials 
discussed  here  is  as  follows.  Given  the  degree  of  each  node  as 
actually  found  on  the  network  (or  as  estimated  by  a  procedure  of  the 
type  outlined  in  Boyce,  Reference  l4), 
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(1)  ft:*oceed  to  the  node  to  be  used  as  the  current  centroid 
(the  order  in  vfaich  the  nodes  are  taken  up  is  discussed 
in  each  case); 

(2)  Sector  the  area  around  the  centroid,  setting  the  niaiber 
of  regions,  K, equal  to  the  degree  of  that  centroid; 

(3)  Identify  the  first  nearest  nei^bor  in  each  region.  In 
the  event  that  the  first  regional  nearest  neighbor  is: 

(a)  a  node  of  degree  zero, 

(b)  a  node  of  degree  1,  if  the  centroid  is  also  a 
node  of  degree  1, 

(c)  separated  froo  the  centroid  by  an  open  body  of 
water  such  as  a  gulf  or  large  lake, 

(d)  sei>arated  from  the  centroid  by  a  previously 
drawn  link, 

then  pass  over  the  first  nearest  neighbor  and  take  the  next 
nearest  neighbor  that  meets  the  hbove  qualifications.  Ihpn 
ascertain  whether  the  nearest  qualified  node  in  each  region 
has  an  unallocated  link. 

(4)  Link  the  nodes  identified  in  part  (3),  in  a  manner  to  be 
specified  in  the  description  of  each  trial. 

Sections  (2)  and  (3)  of  the  above  allocation  procedure  are  the 
same  for  each  trial  link  allocation.  Sections  (l)  and  (4)  vary 
according  to  the  specific  method  of  allocation  used  and  are  described 
in  detail  in  the  descriptions  of  the  trials  which  follow.  The  restric¬ 
tions  based  on  the  identification  of  the  nearest  available  neighbor 
in  Section  (3)  require  some  explanation.  In  the  entire  link  allocation 
process  the  degree  of  a  node  is  not  allowed  to  change.  Thi:s,  if  a 
node  of  degree  zero  appears  as  the  first  regional  nearest  neighbor, 
this  node  may  be  disregarded  and  the  second  nearest  neighbor  can  then 
be  considered.  If  the  first  regional  nearest  neighbor  happens  to  be 
a  node  of  degree  1,  and  the  centroid  is  also  degree  1,  there  is  a 
reasonable  basis  for  not  allowing  these  two  nodes  to  be  connected.  If 
such  a  connection  were  allowed,  these  two  nodes  would  be  isolated 
from  the  remainder  of  the  system,  being  connected  only  with  each  other. 
Inasmuch  as  the  networks  considered  in  this  study  are  assumed  to  be 
of  the  connected  type  (there  are  no  isolated  links  in  the  system) ,  a 
simple  restriction  on  the  occvirence  of  an  isolated  link  is  certainly 
reasonable.  A  further  restriction  on  the  allocation  of  links  across 
large  open  bodies  of  water  is  imposed.  A  final  restriction  prohibits 
links  from  intersecting  and  thereby  requires  that  no  new  nodes  be 
formed,  which  is  a  reasonable  requirenent  in  this  procedure. 


Some  Synthetic  Networks 

Three  link  allocation  procedures  were  attempted, and  the  result¬ 
ing  transportation  networks  are  presented  in  Figures  22  through  25. 
Figure  25  is  the  existing  railroeui  network  in  1900,  Figures  22,  23  and 
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2h  are  three  synthetic  networks  which  resulted  from  various  link 
zdlocation  procedures.  Each  procedure  ccmsisted  of  two  x>arts, 
and  in  each  figure  the  links  allocated  in  the  first  part  are 
indicated  hy  solid  lines  while  the  links  allocated  in  the  second 
part  are  indicated  hy  dashed  lines.  The  success  of  each  link 
allocation  procedure  may  he  determined  to  some  extent  hy  compar¬ 
ing  each  figure  with  Figure  24,  the  existing  network.  A  second 
measure  of  the  success  of  each  netrork  generation  is  the  nunber 
of  links  on  the  existing  network  which  were  correctly  allocated 
on  the  generated  network,  expressed  as  a  percent  of  the  total 
niinher  of  links  on  the  existing  network.  For  network  one,  70 
of  the  98  links  on  the  existing  network  were  correctly  allocated, 
or  a  total  of  71  percent.  On  network  two,  70  percent  of  the  links 
on  the  existing  network  were  allocated,  and  on  network  three  75 
percent  of  all  links  were  in  the  correct  place.  A  third  gross  meas¬ 
ure  of  the  success  of  each  generated  network  is  the  extent  to 
which  the  network  is  connected.  A  connected  network  is  one  in 
which  it  is  possible  to  move  frcm  any  node  on  the  network  to  any  other 
node  on  the  network  via  some  path.  Inasmuch  as  the  networks  con¬ 
sidered  in  this  stuc^  are  connected,  it  is  logical  to  ask  if  the 
generated  networks  are  also  ccxmected.  Of  the  networks  generated, 
none  ai'e  connected.  Generated  network  two,  then,  on  the  basis  of 
the  percent  of  links  which  are  correctly  allocated  and  the  extent 
to  which  the  network  is  connected  must  be  considered  the  most 
successful  of  the  synthetic  network  generated  in  this  study. 


Evaluation  of  the  Network  Generation  Procedures 


The  networks  generated  in  this  study,  as  shown  in  Figures 
22,23,  and  24  are  regarded  as  satisfactory  evidence  that  the  problem 
of  li^  allocation  in  the  generation  of  transportation  networks  can 
be  handled  adequately  throvigh  the  use  of  techniques  of  the  type  out¬ 
lined  here.  These  three  networks,  and  in  particular  network  two, 
are  considered  to  be  adequate  representations  of  the  existing  Ulster 
rail  net.  Further,  now  that  the  basic  structure  of  the  network  has 
been  established  through  the  use  of  the  regional  nearest  neighbor 
regrilarities,  it  is  possible  to  improve  on  this  network  sigrlficant- 
ly  by  applying  local  optimization  techniques  such  as  the  Delta- 
Wye  transformation.  Without  knowing  or  ever  having  seen  the  exist¬ 
ing  network  being  generated  here,  it  is  felt  that  one  could  make 
modifications  in  generated  network  two  through  the  addition  and 
rearrrngement  of  a  few  selected  links.  Tlie  characteristics  of  the 
resvQ-ting  network  should  be  extremely  close  to  the  actual  network 
for  this  area.  No  attempt  was  made  in  this  study  to  make  these 
alterations. 

Little  effort  within  the  confines  of  the  current  st\Jdy  was 
made  to  evolve  a  means  of  testing  the  generated  networks  for  their 
correspondence  of  similarity  with  the  existing  network.  Two 
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rather  groes  tests  of  similarity  were  proposed  based  iqpon  the  extent 
to  vhich  there  is  a  one-to-one  correspondence  between  the  linlcR 
on  the  generated  and  existing  networks,  or  the  percent  of  the  actual 
links  which  appear  on  the  generated  network,  and  the  extent  to  which 
the  net%rork  is  connected,  asstning  that  the  existing  network  is  also 
connected.  A  third  test  might  be  described  as  cme  of  reasonableness 
or  locaD  ..zed  efficiency  based  on  available  techniques  for  arriving  at 
a  so-called  efficient  transportation  network  configuration  for  two. 
three,  and  foin:  nodes.  Hiese  last  techniques  all  are  bound  to  correct 
or  improve  on  a  configuration  such  as  is  fotind  in  the  area  arooind 
node  33  in  generated  network  two,  and  thios  these  techniques  permit 
an  answer  to  be  given  to  whether  a  network  configuration  is  reason¬ 
able  for  up  to  foin:  nodes.  However,  for  systems  of  more  than  foxnr 
nodes  no  analytical  techniques  are  yet  available  for  specifying  a 
so-called  optimal  or  efficient  transportation  network.  For  these 
reasons  a  criterion  of  reasonableness  in  evaluating  the  generated  net¬ 
works  must  be  confined  to  clusters  of  foxn:  or  less  nodes. 
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y.  raAHSPCRTATIQN  SYSTEM  PLAHNING 


Previous  chapters  have  contained  reviews  of  work  directed 
chiefly  to  forecasting  properties  of  transportation  systems  and  to 
developiaag  incisive  definitions  of  properties  to  he  forecasted.  Mtore 
and  more,  broad  planniru'  considerations  are  guiding  transportation 
system  development.  Attention  is  directed  in  this  chapter  to 
definitions  of  transportation  planning  problems  and  some  ways  these 
problems  may  be  treated.  Although  it  has  proved  quite  difficult 
to  identify  and  treat  planning  problems  other  than  at  very  general 
levels,  the  approaches  developed  here  may  approximate  approaches 
to  be  used  in  the  future,  and  they  may,  thus ,  approximate  some 
pr '  erties  of  transportation  development  sitmtions  that  will  be  of 
concern  in  the  futtire. 

Ihree  problems  are  of  primary  concern  in  this  discussion. 

The  first  is  that  of  the  synthesis  of  either  entire  networks  or 
pf.rts  of  networks,  such  as  adding  a  single  link  or  making  an  incre¬ 
ment  in  capacity  to  a  link.  Hie  second  problem  is  that  of  the 
geometric  pattern  of  routes;  and  the  third  is  that  of  the  longi¬ 
tudinal  configuration  of  particular  routes.  Hie  two  latter  ques¬ 
tions  —  which  are  defined  more  precisely  later  —  pose  the  problems 
discussed  in  final  parts  of  this  chapter. 

Hie  succeeding  discussions  are  based  largely  on  previous 
research. 


General  Remarks 

AH  planning  would  appear  to  involve  optimization  accord¬ 
ing  to  some  criteria.  Methods  of  optimization  include: 

Calculus  Lagrangian  multipliers 

Selective  Search  Convex  Programming 

Linear  Programming  Dynamic  Frogramning 

Integer  Programming 

Optimization  criteria  involve  minimizing  or  maximizing  some  sum  or 
vector  (the  objective  function). 

Transportation  planning  also  would  appear  to  require  a  systems 
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point  of  view.  Transportation  activities  taie  place  within  inter¬ 
dependent  systems,  where  changes  in  one  part  of  the  system  may 
affect  other  parts. 

iniese  observations  suggest  three  questions  that  are  central 
to  transportation  planning  analysis: 

(1)  What  is  being  optimized? 

(2)  What  method  is  in  \ise? 

(3)  To  what  system  is  the  method  applied  and  to  what 
system  is  the  optimization  relevant? 

In  spite  of  the  ease  with  which  the  planning  situation  may  be  describ¬ 
ed  in  general  terns,  no  completely  satisfactory  answers  can  be  found 
to  these  three  questions.  Simple  answers  can  be  given,  of  co\u:se, 
but  these  are  unsatisfactory  in  that  they  do  not  seem  to  correspond 
to  actxial  transportation  situations. 


Forecasting  Versus  Planning 

Although  planning  is  the  stib;Ject  of  this  chapter,  the  discus¬ 
sion  shoiiLd  not  suggest  that  planning  and  forecasting  are  activities 
that  differ  in  kind.  A  forecast  may  be  defined  as  an  estimate  of  the 
state  of  events  at  some  date  in  the  future,  ^Ihe  forecast  may  be 
made  in  a  situation  where  there  is  much  planning  (and  control)  and 
the  forecasting  problem  is  then  simplified.  A  contrasting  situation 
is  one  with  little  planning  and  much  variability,  Ihe  notion  that 
planning  will  be  more  important  in  the  future  is  a  notion  about  the 
environment  of  transportation  and  about  changes  in  environments  of 
transportation  developnents , 


Who  Plans? 

Planning  precedes  most  economic,  military,  and  political  action; 
certainly,  transportation  systems  have  not  been  "unplanned"  in  the 
past.  The  difference  appears  to  be  in  the  level  or  degree  of  central¬ 
ization  of  planning  and  in  the  objectives.  More  and  more  planning 
is  under  the  direct  control  of  the  central  government  and  is  explicit¬ 
ly  directed  toward  reaching  national  goals,  in  contrast  to  planning 
by  the  individual  operator  with  respect  to  his  goals.  Ihis  suggests 
another  question: 

In  what  ways  will  the  caitralization  of  planning  affect 
the  character  of  transportation  development? 

This  is  one  of  the  important  questions  we  have  posed  but  have  not 
answered  in  this  chapter.  To  state  the  iroblem  again,  we  observe  that 
central  planning  is  becoaing  increasingly  important,  and  we  wotild  lilce 
to  know  how  this  will  change  the  characteristics  of  transportation, if  at  all. 
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Network  Synthesis 


A  very  general  planning  problem  is  that  of  constructing 
and  expanding  networks.  Questions  Include: 

How  much  h\idget  should  he  allocated? 

What  mode  (modes)  should  he  used? 

Where  should  nodes  and  routes  he  located? 

What  control  policy  should  he  developed  (for 
example,  prices  charged)? 

How  should  route  additions  he  staged? 

What  criteria  should  he  used  to  judge  effectiveness? 


An  ExaBq)le 

Consider  a  system  where  certain  origins  and  destinations 
are  known  and  where  at  a  given  time  the  following  variables  and 
constants  can  he  identified; 

t..:  the  transportation  cost  between  i  and  j,  in  units  of, 
^  say,  cents  per  tcm, 

number  of  movements  between  1  and  j  in,  say,  tons. 

c. the  cost  of  an  incremental  unit  of  capacity  between 
i  and  j. 

units  of  capacity  added  tetween  i  ^  J. 

:  the  amount  to  he  moved  from  the  i^“  place, 
dj  :  the  eanoemt  of  traffic  that  will  teminate  at  j. 
k^j!  existing  capacity  between  i  and  j, 

B  :  budget  available  for  expansion  of  capacity. 


An  objective  might  he  to  minimize  the  joint  cost  of  operation 
and  capacity  addition:  namely. 


Z 

i 


E  t,  .X. .  +  E  E  kf^c^^  =  M  (minimum), 
J  ij  i 


Ihis  objective  mi^t  he  subjected  to  constraints  that  require  that 
all  goods  he  moved  from  supplying  points: 

^  *  ii  ”  •  i  =  l,...,n 

J  ^ 


All  terminations 
E  X 


i 


are  to  he  made: 

y  "  • 


j  =  l,...,m 
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Movaaent  along  a  route  shall  not  exceed  existing  and  new  capacity: 


i  ~  1} • • • ^n 

~  1  j  •  •  •  jUi 


Finally,  btidgetaiy  constraints  shall  not  be  exceeded: 


£  £ 
i  i 


^  B. 


A  model  stich  as  this  one  mi^t  appear  to  answer  or  to  be  easily 
adapted  to  answering  either  the  questions  asked  earlier  in  this 
section  or  the  questions  asked  in  the  previous  section,  “General 
Remarks*' .  For  the  system  as  it  is  defined,  it  is  clear  what  is 
being  optimized  and  what  method  is  being  used  for  optimization. 


Elaboration  of  the  EKample 


An  important  fact  about  this  basic  model  is  that  it  is  readily 
subject  to  elaboration  in  order  to  bring  out  particular  features  of 
network  development  that  may  be  of  interest  in  special  applications. 

FOr  Instance,  a  honogeneous  ccxmodity  is  assumed  and  it  is  assmed 
that  direct  movements  are  made  between  supplying  and  receiving  places. 
The  model  can  be  expanded  to  a  multi-commodity  model  simply  by 
separate  labeling  of  different  comnodities  or  by  introducing  inter¬ 
industry  relationships.  Normally  shipments  do  not  pass  directly  from 
i  to  j,  btzt  pass  throu^  many  intervening  nodes.  This  phenomenon  may 
be  handled  as  a  transshipment  problem,  by  direct  labeling,  or  using 
Kirchhoff's  constraints  and  incidence  matrices,  (Reference  33,  Vol.  II, 
P.  636). 


The  latter  device  requires  constructing  the  incidence  matrix  for 
the  transportation  network  and  the  conservation  of  flows  at  nodes 
(Kirchhoff’s  node  law);  for  example, 


e.  .  equal  1  if  branch  j  is  positively  incident  on  node  i;  minus  1 
ii^branch  j  is  negatively  incident  on  node  i;  and  zero  if  brance  j 
is  not  incident  on  node  i.  q.  is  the  flow  on  the  branch  6ind 
is  efflux  out  of  the  network  at  node  i.  Chames  and  Cooper  (Reference 
33)  point  oTit  that  this  particular  scheme  penaits  writing  constrain¬ 
ing  equations  in  extremely  simple  form. 


This  model  may  be  applied  to  an  instance  where  the  network  is 
made  up  of  different  modes  simply  by  labeling  capacity  cost  separately 
for  different  modes,  labeling  new  capacity  separately,  and  labeling 
flows  separately.  The  possiblility  of  adding  new  capacity  where 
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capacity  did  not  exist  before  ml^it  be  handled  using  an  integer 
progranaing  fozmulatlon.  This  would  enable  bringing  cost  of  new 
ri^t-ofi^way  and  associated  development  into  the  ccst  function. 

The  possibility  of  relating  network  developi&ent  to  resource 
development  exi.sts  in  principle  because  flows  required  by  the  con¬ 
straining  equations  may  be  tied  directly  to  levels  of  resources 
available  at  different  points  on  the  network.  It  is  possible,  for 
example,  to  add  a  new  prograsning  variable  to  the  problem  (say 
which  wotild  be  the  units  of  resource  developed  at  place  i),  and 
to  reconstruct  the  problem  so  as  to  optimize  the  joint  cost  of  (l) 
movement  on  the  transportation  system,  (2)  the  addition  of  capacity 
to  the  transportation  system,  and  (3)  the  addition  of  new  resources 
into  the  economy.  The  typical  constraints  of  such  a  problem  mi^t 
be  that  the  network  carry  out  its  function,  and  that  demands  by 
the  economy  be  met. 


Is  the  Model  Useful? 

The  model  developed  above  was  presented  because  this  or  some 
similar  model  may  be  used  for  plazming  purposes.  Data  and  computing 
requirements  are  very  large,  but  they  are  within  rsnges  that  may  be 
feasible  within  the  next  10  years  or  so.  The  goal  of  minlimmi  cost 
is  one  thc.^  is  readily  accepted,  especially  be  engineers. 

Two  other  points  of  view  may  be  used  for  the  discussion  of  this 
matter  of  the  model *s  utility.  One  is  the  question  of  whether  the 
model  as  stated  meets  the  requirements  it  appears  to  meet.  In  the 
case  of  costs,  for  instance,  Quandt  has  pointed  out  that  the  units 
in  which  are  measured  pose  some  difficulty  (Reference  35) •  Ihe 

model  is  applied  to  seme  fixed  time  period,  and  there  is  no  reason 
to  believe  that  the  entire  cost  of  the  capacity  should  be  retired 
during  that  time.  Consequently,  c.  .  might  be  the  measure  of  interest 
cost  for  providing  the  \mit  of  capahity.  However,  development  author¬ 
ities  use  hi^ily  varied  methods  of  costing,  and  it  may  be  difficult  to 
determine  appr<^riate  cost  to  be  used  in  the  model.  Also,  the  ri^t- 
hand  teims  in  the  objective  function  are  not  in  the  same  units  as 
those  of  the  left-hand  terms.  Another  point  mentioned  by  Quandt  is 
that  results  differ  depending  upon  the  time  span  over  which  the  model 
is  applied.  For  instance,  results  of  applying  the  model  over  a  two- 
year  period  would  be  different  from  those  achieved  if  the  model  were 
applied  twice  with  the  same  targets,  that  is,  for  two  one-year  periods. 
Again,  it  may  be  quite  difficult  to  measure  cost.  This  would  appear 
to  be  especially  true  for  cost  of  movement  of  passengers. 

Along  the  same  lines,  one  might  question  whether  or  not  the 
model  fits  the  system  under  development.  Transportation  investment  and 
reductions  in  transportation  cost  may  occasion,  for  Instance,  uses 
of  new  resources  and  new  patterns  of  distribution.  Relevant  cost 
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wcnlA  extend  to  the  cost  of  aev  actiTitles,  end  there  ^aoold  he  sons  nay 
to  utilize  infomatloD  of  gains  fren  uses  of  these  resources.  Vat  marv 
hroodlyy  the  reXevant  decisicn  sitmtion  extends  veil  heyood  iaaediate 
questioiu  of  uses  and  capacity  cost. 

In  addition  to  questioning  vhether  or  not  the  nodel  neets  the 
requirenents  it  appears  to  neet,  one  can  question  vhetht  r  the  hroeui 
planning  ncdel  can  be  articulated  to  specific  decisions.  While  the 
hroad  nodel  nay  provide  guidance,  specific  decisions  snu^t  be  nadc 
ahont  route  locations,  and  the  broad  model  provides  little  infomation 
on  the  topic.  In  the  model,  it  vas  asstned  that  the  locations  of  the 
i  and  j  places  shipping  and  receiving  goods  vere  hnovn;  yet  develop¬ 
ments  of  production  and  consmQition  may  hinge  upon  transport  investment, 
especially  route  location.  Also,  configuration  of  routes  may  affect 
transportation  cost  as  veil  as  cax>acity  cost. 


Geographic  Details 


In  the  paragraph  just  preceding,  the  point  is  made  that  a 
capability  is  needed  to  treat  details  of  rotite  location.  Cost  depends 
upon  the  details  as  do  patterns  of  production  and  consumption. 

Hie  route  location  problem  may  be  considered  at  different 
levels.  At  one  level,  we  may  consider  effects  of  different  types  of 
topography  on  capacity  cost  and  consequent  route  location.  On  a  some¬ 
what  broader  level,  we  may  consider  alternate  geometric  arrangements 
of  routes  to  service  several  nodes  on  a  system.  In  the  latter  case, 
we  may  choose  from  among  various  patterns  of  routes  that  would  provide 
the  service,  A  less  specialized  case  of  the  second  level  of  attack 
is  that  where  routes  serve  continuous  areas  rather  than  points  (for 
example,  see  Reference  27). 

The  problem  of  differences  in  topography  from  place  to  place 
and  consequent  differences  in  capacity  cost  has  been  attacked  only  for 
simple  cases  (References  12  and  36).  In  the  most  simplified  case, 
it  has  been  assumed  that  a  single  boundary  separates  two  regions.  The 
problem  posed  is  that  of  the  manner  In  which  a  route  extends  across 
the  two  regions.  If  transportation  costs  are  different  in  the  regions, 
the  route  will  tend  to  prolong  its  course  through  the  region  with  the 
lower  transportation  costs  in  order  to  decrease  the  distance  travers¬ 
ed  in  the  region  with  the  higher  costs.  Several  "laws  of  breaking" 
have  been  discovered  and  rediscovered  for  this  problem. 


Route  Patterns 


Alternate  geometric  patterns  may  be  used  to  provide  transpor¬ 
tation  service  among  places.  The  grid-iron  pattern  of  routes  in  the 
Anerican  Middle  West  is  an  example  of  one  arrangement.  A  map  of  the 
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Interstate  Hi^jbvay  S/stes  vill  prcFrlde  another  emsistle*  Eootes  in  the 
eastern,  cetxtral,  and  sootbem  portioDs  of  the  natlM:  f<a9  naisly  tri> 
angles.  Rootes  in  the  western  portion  are  arreisged  Mere  is  rectangles. 
These  route  patterns  illustrate  a  type  of  decision  situation  where  an 
entire  pattern  of  rotztes  is  at  tdioice.  Another  exaaple  1h  provided 
hy  requirenents  to  add  new  routes  to  a  systffi.  Say  that  a  railroad 
is  to  he  extended  to  a  new  city.  One  could  choose  to  extend  a  route 
directly  fixM  a  city  already  on  the  systen,  fren  aiore  than  one  city, 
and/or  a  new  intersection  night  be  established  and  a  route  extended 
from  a  noo-temlnal  x>ortion  of  an  existing  route. 


Ac  Example 


In  Reference  6  (p.2  ff.)  the  route  patterns  question  was 
illustrated  using  a  somewhat  forced  example  from  the  settlement  of 
the  Tfaite'^.  States.  Pre«^lombian  transportation  consisted  of  myriad 
Indian  trails  and  inland  water  routes.  Because  little  capital  was 
invested  in  routes  and  because  unit  cost  of  transportation  was  hi^, 
this  systen  may  be  characterized  as  one  with  low  fixed  cost  (roughly, 
cost  of  a  unit  of  capacity)  and  high  variable  cost  (roughly,  cost 
of  moving  a  unit  over  the  route).  (For  cost  definitions  see  Reference 
37.)  The  development  of  America  hy  Europeans  greatly  increased  the 
amount  of  coomerce  and,  aided  hy  political  stability  and  by  innovations 
of  the  steamboat,  the  train,  and  highway  vehicles,  it  became  practic¬ 
able  to  invest  capital  in  route  capacity  in  order  to  reduce  the  variable 
or  over-the-road  cost  of  transportation.  This  was  the  substitution  of 
fixed  for  variable  cost  and  it  was  a  function  of  both  technological 
possibilities  and  magnitudes  of  the  cost  involved. 

From  the  standpoint  of  geographicel  details,  what  is  interesting 
about  this  substitution  is  the  possible  realignment  of  routes.  Each 
and  every  Indian  trail  of  pre-Colombian  America,  for  instance,  was 
not  replaced  by  a  railroad  track.  The  high  fixed  cost  of  railroad 
development  constrained  the  location  of  railroad  routes  to  a  few 
favorite  corridors.  The  gradual  development  of  other  modes  of  trans¬ 
portation,  such  as  modem  highways  and  air,  also,  occasioned  location¬ 
al  shifts.  The  present  pattern  of  routes  is  a  result  of  a  series  of 
shifts  and  relocations  that  may  be  described  as  wye-delta-wye  shifts. 

To  continue  with  the  example,  one  would  expect  three  Indian 
villages  to  he  connected  directly  by  trails.  The  hi^  cost  of  carry¬ 
ing  goods  or  movement  by  persons  would  occasion  the  seeking  out  of 
direct  routes  from  village  to  village,  Gedmetricany,  the  trails 
would  form  a  delta.  The  delta  configuration  would  not  provide  the 
minhaum  length  of  network  required  to  link  three  villages,  h\rt  trail 
maintenance  with  its  low  cost  was  certainly  less  Important  than  the 
extra  distances  that  would  have  to  be  traveled  if  effort  were  made 
to  reduce  the  length  of  the  network  of  trails. 
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With  gradual  econdc  developaent  asid  oonsequent  iiicx«ases  in 
trade  and  possibilities  for  taking  advantage  of  nev  technology,  iqtgrad- 
ing  of  rootes,  say  to  roads,  ni^xt  be  mdertakax.  In  this  case,  the 
prdbla  of  the  fixed  cost  of  routes  versos  the  cost  of  using  thm 
would  have  to  be  considered.  One  possiblility  ni^it  be  that  of  join¬ 
ing  the  villages  ^th  a  wye.  Roads  adght  be  boilt  outward  frcai  each 
village  until  they  intersected  at  sene  intexnediate  point.  Travel 
anong  villages  would  be  via  the  intenediate  point.  Ibis  solution 
would  reduce  the  aiiount  of  investment  required  (that  is,  the  cost  of 
constructing  the  network),  bxit  because  routes  between  particular 
villages  would  be  longer  than  those  of  the  delta,  the  consequent  sav¬ 
ing  in  fixed  cost  would  warrant  longer  routes  between  psoticular  villages. 

Total  cost  of  transportation  is  a  function  of  the  lengths 
of  routes  and  the  magnitudes  of  flows.  With  continuing  increases 
in  trade,  realignment  of  transportation  routes  to  a  delta  might  be 
warranted  when  distance  savings  were  great  enough  to  offset  the  extra 
cost  of  increasing  the  total  length  of  the  network.  Scrapping  the 
wye  and  complete  redevelopment  of  a  delta  would  be  very  exqpensive,  of 
course.  Change  to  a  delta  might  occur  if  a  new  mode  were  introduced; 
with  an  existing  mode,  location  change  might  take  the  form  of  gradual 
shifts  toward  a  delta. 

A  scale  effect  might  be  present.  In  shifting  from  a  delta  to 
a  wye  (or  from  a  wye  to  a  delta) ,  the  new  pattern  of  routes  might  be 
selectively  restricted  to  larger  urban  centers.  In  the  Interstate 
Highway  System,  for  example,  much  of  the  pattern  in  the 
eastern  part  of  the  United  States  is  delta-like  with  nodes  on  the 
system  being  larger  urban  places.  This  new  pattern  of  routes  is 
superimposed  on  "finer  patterns"  of  existing  road  systems. 

Several  paragraphs  have  just  been  used  to  describe  how  three 
points  might  be  joined,  ibis  three-point  case  would  seem  to  be  of 
special  interest.  Consider  the  problem  of  adding  a  node  (say  a 
city)  to  a  network.  If  we  consider  that  node  and  the  two  nearest 
nodes  on  the  network,  the  problem  is  one  of  three  points.  This  type 
of  consideration  would  seem  to  arise  more  frequently  than  would  four, 
five, or  higher  order  cases. 


Routes  Connecting  Three  Points 


The  bulk  of  our  work  on  this  topic  was  presented  in  an  earlier 
monograph  (Reference  6)  and,  as  was  noted  -til ere,  one  point  of  departure 
was  an  unpublished  paper  by  M,  Beckmann  (Reference  38) .  An  isotropic 
and  homogeneous  plain  was  assinned,  capacity  cost  was  assumed  to  be 
constant,  and  transport  cost  was  assumed  to  be  proportional  to  flow. 
Cost  on  a  distance  \init  basis  was  assmned  to  be  a  linear  function  of 
flow. 

c(f)  =  a  +  b(f) 
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i^iere:  a  vas  capacity  coat  per  mit  of  distance 

b  was  transport  cost  per  miit  of  flair  per  xaiit  of  distaoce 
f  was  a  ne&sure  of  flov. 

In  the  vye  instance,  the  total  cost  for  the  network  was: 

3 

=  '  E  (»  +  Wj)  1^0  -  *“11  . 

where  the  three  points  to  be  joined  vexeP^,  P2,  and  and  fLovs 
on  the  associated  route  seg^lents  were  f2,  P  was  the  point 
of  intersection.  (P^  -  P^f  represorts  the  length  of  the  line  segnent 
from  Pq  to  Pj^.  FLOWS  throu^  Po  follow  Kirchoff's  Law, 

If  P.  has  coordinates  (xq,  y^)  then  the  distance  from 

P  to  P.  is 
o  1 


+  (y„  +  y^) 


Ihe  coordinates  (x  ,  y  )  that  in  general  make  c  (total  cost)  a  minimum 
may  be  foimd  by  taSingxhe  partial  derivatives  of  c  with  respect  to  x 
and  y^  and  eqmting  these  to  zero.  ° 


=  0 


This  problem  is  trivial  from  a  conceptual  point  of  view,  bixt  from 
the  point  of  view  of  computations  it  may  be  quite  difficTilt,  Much 
of  the  effort  in  ovtr  study  was  invested  in  searches  for  efficient  ways 
to  compute  the  location  of  P  .  Instances  other  than  the  wye,  say 
a  simple  delta,  also  presentid  rather  simple  conceptual  problems,  b\it 
problems  that  were  difficvilt  to  compute. 

An  end  product  of  our  research  was  a  computer  program  for 
rapid  solution  of  the  three-point  problem.  Ihe  program  determined 
the  type  of  solution  to  seek  as  well  as  the  optimal  solution  for 
that  pattern.  Several  example  problens  were  processed  with  the 
conclusion  that  over  a  wide  range  of  flows  and  cost  the  wye  solution 
proved  optimal. 


Variable  Terrain 


Previous  discussions  have  ass\mied  away  those  variations  in 
terrain  that  might  occasion  variations  in  the  cost  of  cppacity  and  in 
the  cost  of  the  use  of  a  route.  In  the  planning  of  details  of  trans¬ 
portation  system  development,  howerer,  these  terrain  variations 
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canaot  be  msraaed  any.  The  arientation  of  a  nev  route  nay  require 
a  c^pwlae  between  a  straight  route  with  hl^  cimstructioD  cost 
per  unit  of  distance  and  a  nore  circuitous  ruute  with  lower  cost  per 
unit  of  distance.  In  lAese  tens  alme,  route  location  policy  ai^it 
be  that  of  nlnlnlslrg  the  total  cost  of  construction  for  a  given 
inter«4iodal  link.  In  rugged  terrain  the  proibln  nay  he  that  of  con- 
procaise  between  a  very  long  route  with  low  unit  cost  and  a  short 
route  vith  high  unit  cost. 


flow  Variations 

Ihe  transportation  planning  activity  must  also  enconpass  cost 
of  using  the  route.  If  a  route  is  to  be  used  very  heavily,  then  a 
short  route  with  high  construction  cost  might  d':^  warranted,  route 
length  may  he  less  IsqKnrtant  for  more  lightly  xitilized  routes. 

As  the  economies  of  nations  expand  with  technological  improve¬ 
ments  and  population  increases,  transportation  movements  increase. 
Consequently,  routes  are  realigned.  IHiese  statements  identify  the 
thinking  behind  oxir  main  interest  in  the  route  location  problem  in 
variable  terrain.  Our  interest  is  based  upon  the  simple  notion  that 
one  property  of  transportation  change  in  developing  areas  is  route 
rearrangement.  We  would  like  to  have  seme  systematic  ideas  on  this 
subject. 

The  thoughts  in  the  paragraph  above  are  hardly  novel.  It 
is  easy  to  see  that  much  transportation  investment  takes  the  form  of 
route  realignment  and  improvement.  This  has  been  one  aspee;.,  for 
example,  of  railroad  right-of-way  improvement  in  the  United  States. 


Inve  s t  igat  ions  . 

Our  studies  (Reference  12)  followed  two  lines  of  investigation. 
In  one,  studies  were  made  of  various  approximations  of  the  variable 
terrain  problem  using  well-known  mathematical  tools.  An  approximation 
found  desirable  was  that  of  dividing  the  terrain  into  "homogeneous" 
regions.  The  area  to  be  traversed  by  the  route  (in  which  cost  might 
be  infinitely  variable)  was  divided  into  areas  within  which  cost 
could  be  considered  consteint.  This  approximation  simplified  the  pro¬ 
blem  from  that  of  finding  a  minimum  cost  curve  between  points  to  be 
connected  to  that  of  finding  the  points  of  intersection  of  the 
optimal  route  with  the  boundaries  between  regions.  The  number  of 
regions  can  be  made  as  small  as  desired. 

The  infinitely  variable  terrain  problem  was  investigated  using 
calcul\is  of  variations,  A  7  ^Tangian  multiplier  approach  was  used 
for  the  "regional"  problem,  Variovis  approximations  were  considered 
for  regional  boundaries.  Also,  a  variety  of  ways  to  solve  the 
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eqaBttioos  representing  the  prdblai  vere  investigated.  There  is  no 
reason  idqr  these  strai^rt>>forvard  approaches  can  not  he  used  for  the 
probloi. 


Oar  second  line  of  investigation  vas  a  search  for  approadaa- 
tlcms  for  the  prohlen  that  coold  he  calculated  to  any  desired  degree 
of  exactness.  A  siiqtle  aethod  vas  found  for  finding  a  first  approxi- 
matioQ  to  the  optiaal  route  location.  This  first  approadaation  used 
a  squared  measxxre  of  distance.  Having  found  this  first  approxiaation, 
a  method  vas  developed  for  ioqirovlng  this  appraxijnati<»i  to  any  desired 
degree. 

Evaluation 

It  proved  practicable  to  develop  both  explicit  mathaDatical 
solutions  and  approximate  solutions  to  the  problem  of  route  location 
over  variable  terrain.  Our  approximate  solution  may  have  seme  proper¬ 
ties  similar  to  approximations  made  by  enginners  and  other  detexmin- 
ing  route  locations.  Our  approximations  tend  toward  least  cost^and 
presimably  search  methods  \jsed  by  engineers  also  trend  in  this  fashion. 

Early  in  this  section  it  vas  remarked  that  our  interest  in 
the  variable  terrain  problem  stemmed  from  expected  route  relocations 
as  nations  develop.  While  ve  have  developed  a  way  to  replicate  how 
relocation  decisions  might  be  made,  this  broad  relationship  has  not 
been  investigated  at  this  level.  (Work  in  earlier  chapters  and 
earlier  in  this  chapter  relates  to  relocations  viewed  at  a  broader 
level.)  Further  work  needs  to  be  done  on  this  topic. 


Svmmary  Remarks 

The  present  chapter  is  the  last  of  a  series  of  chapters 
reviewing  work  on  problems  of  forecasting  transportation  developments. 

The  first  chapter  provided  an  overall  view  of  the  research,  and 
summary  remarks  have  been  made  from  time  to  time  in  the  text  of 
each  chapter.  Consequently,  no  overall  summary  and  evaluation  would 
seem  to  be  required. 

The  present  chapter  used  as  a  point  of  the  departure  the  notion  that 
planning  decisions  concoming  transportation  development  will  probably 
be  more  highly  centralized  than  has  been  true  in  the  past.  Some 
planning  situations  or  problems  have  been  stated  and  investigated. 

Results  have  varied  depending  upon  problem  definitions  and  point  of 
view.  Some  limited  problems  can  be  given  explicit  solutions. 

Finally,  some  technicsil  discTission  relevant  to  planning  and  forecasting 
problems  has  been  presented. 


119 


LIST  GF  HEPSaCES 


T«  Barzel,  Y.  Grunfeld^  R.  L.  Morrill  and  E.  J.  Tsaffe,  Trans¬ 
portation  Geograifay  Research.  Suteltted  imder  Contract  DA 
44-lTr-TC-57^,  U«S.  Army  Transportation  Research  Coanand,*  Fort 
Eustia,  Virginia,  1960,  100  pp. 

V.  L.  Garrison^  Rotes  on  the  Study  "Transportation  feography 
Research"*  Submitted  under  Contract  DA  44-177-TC-685,  U.S. 

Army  liransportatlon  Research  Ccmmand,  Fort  Eustls,  Virginia, 
1961,  12  pp. 


3. 


W.  L.  Gorrlson,  Transp<n:tatlon  Forecast  and  Prediction  Stuc 


Published  In  Compilation  of  Papers  Presented  In  the  U.S. 
Panel  In  Environmental  Research,  25th  (quarterly  Meeting, 


17  October,  1961^  Port  Eustls,  Virginia.  Co-sponsored  by  the 


U.S.  Army  Transportation  Board  and  the  U.S.  Army  Transportation 
Canmand,  Fort  Eustls,  Virginia,  I961,  10  pp. 


U.  W.  L.  Garrison  and  D.  F.  Marble,  Ihe  Structure  of  Transporta 
tlon  Netvorks.  Submitted  under  Contract  DA  44-177 -TC-to5, 
U.S.  Army  Transportation  Research  Commpnd,  Fort  Eustls, 
Virginia,  1962,  100  pp.  Available  from  Office  of  Technical 
Services,  U.S.  Department  of  Commerce. 


5.  W.  L.  Garrison  and  D.  F.  Marble,  Approaches  to  the  Develop¬ 
ment  of  a  Forecasting  Capability  for  National  and  Regional 
^ans^^t^io^S^tOTsTSubmitted~under~Contract~DAWi^TfT- 
TC-5^5^  U.S.  Army  Transportation  Research  Command,  Fort 
Eustls,  Virginia,  19^2,  pp. 


6.  N.  A.  Bovikldls,  David  Boyce,  W.  L.  Garrison  and  Waldo  Tohler, 
The  Location  of  Transportation  Routes:  Connections  Between 
Three  Points.  Submitted  under  Contract  DA  44-177-TC-685, 

U.S.  Army  Transportation  Research  Command,  Fort  Eustls,  Vir¬ 
ginia,  1962,  IU9  pp. 


T.  Karel  J.  Kansky,  International  and  Interregional  Comparative 
Studies .  Submitted  under  Contract  DA  44-17T-TC-6S5,  U.S. 

Army  Transportation  Research  Command,  Fort  Eustls,  Virginia, 
1962,  37  pp. 

8.  E.  D.  Perle,  Time  Series  Analysis  of  Transportation  Develop¬ 
ment,  A  Pilot  Study  of  the  Demand  for  Transportation  In  the 
United  States.  Submitted  under  Contract  DA  44-177-TC-685, 

U.S.  Army  Transportation  Research  Command,  Fort  Eustls, 

Virginia,  19^2,  30  pp. 

♦Changed  to  U,  S.  Army  Aviation  Materiel  Laboratories  in  March  1965. 


120 


9.  W.  R.  Tobler,  Studies  In  tte  Qcametn  of  ft^nsportatlon.  Sub- 
Bltted  under  Contrsct  DA  U<S.  Ar^y  l^rasspartatlon 

Researdi  CoBBand,  Fort  Eustis,  Virginia,  I962,  U2  pp. 

10.  David  E.  Bqyce,  A  Blbllogrepby  of  Compilations  of  Rational  Aggre¬ 
gates  on  !B:aa8portatlon  Stocks  and  Flous.  Submitted  under 
Contract  DA  44-177-'rc-6&5>  U.S.  Army  Transportation  Research 
Connand,  Fort  Eust-is,  Virginia,  I962,  17  pp* 

11.  B.  J.  Lo  Berry,  Structural  Components  of  Changing  Transportation 
Flow  Networks.  Submitted  under  Contract  Dft  45-l^-TC-6o5,  U.S. 
Army  Transportation  Research  Coomand,  Fart  Eustls,  Virginia, 

1963,  30  pp. 

12.  N.  A.  Boukidis  and  Christian  Werner,  Determination  of  Optimum 
Route  Connecting  Two  Locations.  Sulmltted  under  Contract  DA  U4- 
rrT-TC-685>  U.sT  Army  Transportation  Research  Canmnd,  Fort 
Eustis,  Virginia,  I963,  128  pp. 

13.  E.  D.  Perle,  Qhe  Demand  for  Transportation,  A  Comparative  View. 
Submitted  under  Contract  DA  44-1T7-TC-685,  U.S.  Anny  Transpor- 
tation  Research  Command,  Fort  Eustis,  Virginia,  I963,  20  pp. 

lU.  David  E.  Boyce,  Qhe  C-eneration  of  Synthetic  Trans^tation 
Networks.  Submitted  under  Contract  DA  44-177 ’•TC -085,  U.S. 

Army  Transportation  Research  Cormaand,  Fort  Eustis,  Virginia, 
1963,  99  pp. 

15.  Karel  J.  Kansky,  ^e  Structure  of  Transportation  Networks.  Re¬ 
search  Paper  No.  6k,  Department  of  Geography,  University  of 
Chicago,  1963,  155  pp. 

.16.  E.  D.  Perle,  A  Non-Technlcal  Summary  of  '*The  Demand  for  Trans¬ 
portation;  R^lonal  and  Commodity  Studies  in  the  U.S.^^  Sub¬ 
mitted  under  Contract  DA  44-177-TC-685,  U.S.  Army  Transportation 
Research  Command,  Fort  Eustis,  Virginia,  ISSk,  11  pp. 

17.  W.  L.  Garrison  and  D.  F.  Marble,  "Factor -Analytic  Study  of  the 
Connectivity  of  a  Transportation  Network",  Proceedings ,  I963. 
(European  Meetings  of  the  Regional  Science  Association,  forth¬ 
coming.) 

18.  E.  D.  Perle,  The  Demand  for  Transportation;  Regional  and  Com¬ 
modity  Studies  in  the  United  States.  Research  Paper  No.  95> 
Department  of  Geography,  University  of  Chicago,  I96U,  130  pp. 

19.  H.  Theil,  Economic  Forecasts  and  Policy.  North-HoUand  Pub¬ 
lishing  Company,  Ai.sterdam,  1958* 

20.  L.  R.  Klein,  A  Textbook  of  Econometrics.  Row,  Peterson  and 
Company,  Evanston,  Illinois,  1953* 


121 


21.  Claude  Berge,  Hhe  Theory  of  Gratfis  and  Its  Applications.  John 
Wiley  and  Sons,  Hew  York,  1962. 

22.  Oysteln  Ore,  Graphs  and  Ihelr  Uses.  Random  House,  Rev  York 

1963. 

23.  Sundaram  Seshu  and  Hyril  B.  Reed,  Linear  Grai^  and  Electri¬ 
cal  Hetvorks.  Addison-Wesley  Publishing  Co.,  Reading,  19^1. 

24.  P.  E.  Hohn,  S.  Seshu,  and  D.  D.  Aufenkamp,  "The  Theory  of 
Nets",  Transactions  of  the  Institute  of  Radio  Engineers. 

EC-VI,  195T,  pp.  154-1^1. 

25.  M.  S.  Bartlett,  An  Introduction  to  Stochastic  Processes.  The 
University  Press,  Cambridge,  England,  1955* 

26.  Ian  C.  Ross  and  Frank  Harary,  "On  the  Determination  of  Redun¬ 
dancies  in  Socicmietric  Chains",  Psychometrika ,  XVII.  1952, 
pp.  195-208. 

27.  Martin  Beckmann,  "A  Continuous  Model  of  Transportation", 
Econometrica,  XX.  1952,  pp.  643-660. 

28.  Brian  J.  L.  Berry,  "Basic  Patterns  of  Economic  Developnent", 
Chapter  in  N.  S.  Ginsburg*s  (ed.)  Atlas  of  Economic  Develop¬ 
ment.  University  of  Chicago  Press,  Chicago,  I96I. 

29*  Henry  Sampson  (ed.).  World  Railways.  Sampson  Low's,  Ltd., 
London,  i960. 

30.  Norton  S.  Ginsberg,  Atlas  of  Economic  Development.  University 
of  Chicago  Press,  19511 

31.  Duncan  MacRae,  "Direct  Factor  Analysis  of  Sociometric  Data", 
Sociometry,  XXIII.  i960,  pp.  36O-3TI. 

32.  D.  F.  Marble,  NODAC — A  Computer  Program  for  the  Computation 
of  Two  Simple  Node  Accessibility  Measures  in  Networks. 
Technical  Report  No.  10,  Earth  Sciences  Computer  Study 
(NONR  1228-33^  hr  389-135)#  Northwestern  University,  1965* 

33*  A.  Charnes  and  W.  W.  Cooper,  Management  Models  and  Industrial 
Applications  (Vols.  I  and  II) .  John  Wiley  and  Sons,  New  York, 

1959. 

34.  W.  L.  Garrison  and  D.  F.  Marble,  "Analysis  of  Highway  Networks: 
A  Linear  Programming  Formulation",  Proceedings.  Highway  Re¬ 
search  Board,  3T(1958)#  PP*  1-lT* 


122 


R«  £•  (^landt,  *^<04613  of  Transports ion  and  Optiisal  Ketirork  Con¬ 
struction",  Journal  of  Regional  Science.  2(1960),  pp.  27-^5* 

36.  P.  Friedrich,  "Die  Varlatlonsrechnung  als  Planungsuerfahren  der 
Stadt-  and  Landesplanung",  Schrlften  des  Akademlc  fur  Rauaifor- 
schung  imd  Landesplanung.  Bard  32,  1936. 

37*  R.  N.  Fanner,  "Technical  Studies  in  Transportation  Cost  Finding". 
Department  of  Engineering,  IMlversity  of  California,  Los  Angeles, 
December  I963. 

38.  M.  Beckmann,  "Principles  of  Optimum  Location  for  Transportation 
Networks".  MSS  ,  19^. 


123 


